It’s Shipped Assembled 


HE exacting requirements of modern electrical distribution are 
met by G-E metal-clad switchgear, a co-ordinated equipment 
assembled complete with supporting structures, breakers and elevat- 
ing mechanisms, disconnectins devices, interlock equipment, buses 
and interconnections, and necessary instrument transformers. 


The utmost protection is assured by oil-blast breakers. They are in- 
terchangeable and easily removed. Therefore, inspections can be 
made with safety and in less time. 


The number of main connections is reduced. Those used are 
either welded or have silver-to-silver surfaces to assure a positive 
contact, 


Present-day G-E metal-clad switchgear has stronger construction 
because of its greatly reduced sizes: its lighter weight has reduced 
handling costs. Its application is not restricted. Specify this modern 
self-contained equipment for all new construction and when modern- 
izing plants. Call the nearest G-E office, or General Electric Co., 
Schenectady, N. Y. 


Breaker lowered on 
truck for removal 
and inspection 
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In This Issue— 


SEFULNESS of the cathode ray oscillo- 

graph has been extended greatly by 
development of means for using it as a 
multielement instrument. Two types of 
equipment for this purpose are described in 
2 papers in this issue: One describes an 
electron tube circuit which enables 2 or more 
waves having frequencies in simple multiple 
relationship to:each other to be portrayed 
(pages 1095-1100); the other describes 
mechanical auxiliaries for use in circuits 
that permit of the repeated application of the 
waves to be observed (pages 1045-7). 


EAVISIDE’S operational method of cir- 

cuit analysis is achieving greater im- 
portance as a tool for regular use in engineer- 
ing problems. For readers who have had 
ordinary mathematical training, but who 
are not familiar with the operational 
method, the fundamental characteristics 
of this method are outlined in this issue, 
operational equations are developed for a 
few typical circuits, and methods of solving 
these equations are indicated (pages 1037- 
45). 
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fe. REDUCE radio interference from pin 

insulators, low resistance conducting 
coatings commonly are applied to the heads. 
By extending the coating to cover the entire 
head and by using a coating of higher re- 
sistance, the voltage at which interference 
begins can be raised considerably without 
materially lowering the flashover voltage of 
the insulator (pages 1084-7). 


Ee method of symmetrical components 

may be applied in determining the 
optimum values of external resistance and 
reactance which should be used for split 
phase starting of 3 phase induction motors 
which are to be operated from single phase 
lines. The calculated results obtained by 
this method are found to be quite accurate 
(pages 1068-72). 


een in the input current to a 
“network containing any number of 
linear and nonlinear resistances when a 
sinusoidal voltage is applied may be deter- 
mined by a semigraphical method. Sucha 
method, restricted to nonlinear resistances 
having the same d-c volt-ampere charac- 
teristic regardless of direction of current, 
is presented in this issue (pages 1055-7). 


ESTS on unbleached, unsized linen paper 

show that the chemical changes caused 
by overheating of cellulose insulation in serv- 
ice may result in failure of the insulation 
even within a range of temperatures not 
generally associated with dangerous physi- 
cal effects (pages 1088-94). 


pe AMD Wash., was host to a highly 
successful Pacific Coast convention of 
the Institute held in that city August 27- 
30, 1935. A complete report of this con- 
vention including a number of interesting 
snapshots taken during its progress are 
contained in this issue (pages 1122-4). 


ATE of wear of electrical brushes is 

shown by recent tests not to depend 
entirely on mechanical forces, but to be 
related intimately to the conduction of cur- 
rent across the contact between brush and 
rotating part (pages 1050-4). 


Eee ee models through which 

electric current is passed may be used 
to map magnetic and dielectric flux lines. 
Two methods, both using materials of rela- 
tively high resistance, are available (pages 
1032-6). 


A STATIC frequency changer using ther- 

mionic tubes for transforming from 60 
to 2&/, cycles and rated at 300 kva has 
been constructed. It is designed so that 
it later can be operated as a rectifier (pages 
1063-7). 


[N AN effort to meet demands for better 
performance in watt-hour meters and 
for adaptability to changing service require- 
ments, a meter embodying several new fea- 
tures has been developed (pages 1073-84). 


es AUN OELS capacitors for alternat- 

ing current are coming into increased 
use, but further refinements are necessary 
before many potential uses of these devices 
may be made satisfactorily (pages 1058-63). 


BeCERTC furnace developments which 
have taken place in Europe during the 
last year or so have been summarized by a 
leading authority on the electrometallurgical 
industry in Europe (pages 1048-50). 


Lop eS TY wave shapes are desirable 
for performing impulse tests on elec- 
trical apparatus. Methods of producing 
waves having predetermined time constants 
have been developed (pages 1100-04). 


es SA CALL for the meeting of the In- 
stitute’s Great Lakes District to be 
held at Purdue University, West Lafayette, 
Ind., Oct. 24-25, 1935, is being issued 
(page 1125). 
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The Engineer and the Modern World 
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- citizens. 


A Message From the President— 


wide discussion in recent months, but, strangely 
enough, practically nothing has been said of the 
production of wealth. 

Wealth, in its broadest sense is something for 
which people exchange their own labor and services. 
To my mind engineers have done more to increase 
the production of wealth than any other group of our 
For his efforts along these lines the engi- 
neer has received little credit and a great deal of 
criticism. In the popular mind he is held responsible 
for so complicating our civilization as to cause a dis- 
organization of the entire economic system. 

During the course of recorded history the engineer 
has completely reversed his réle in society. Origi- 
nally there were none but military engineers whose job 
was to cause destruction of enemy fortifications and 
the greater the destruction the higher was the engi- 
neer’s reputation among his associates. It is true 
that his work involved such construction as earth 
works, towers, and military engines, but such work 
was merely incidental to the larger program of 
destruction which is the basic object of war. 

The history of modern engineering is generally 
considered to have begun in 1829 when Stephenson 
produced the first successful steam locomotive, 
but I always consider that it began in the work of 
Newcomen and Watt in the development of the 
automatic steam engine. Neither of these men 
had any very lofty purpose in starting their in- 
vestigations. They had in mind the necessity for 
cutting operating cost of pumping water from coal 
mines by substituting steam for the muscles of men 
and animals. However, whatever their original 
object was, it is generally agreed that their work in 
perfecting the steam engine liberated the human race 
from the drudgery which had been its lot from the 
beginning of time. 

Prior to the application of power to the tasks of 
agriculture and industry the common man was only a 
little better off than an animal. His daylight hours 
were consumed almost entirely in an individual 
struggle for subsistence. 

I think that if we are honest with ourselves we will 
admit that practically none of us is either mentally or 
physically able to make a good living or even a bare 
existence by our own unaided efforts. The close co- 
operation of individuals, each carrying on his 
specialized work, has raised our scale of living to the 
point where the poor man today has infinitely more 
in the way of comforts and luxuries than the rich 
nobles of past ages. For this condition the engineer 
is largely responsible because he has multiplied a 
millionfold the potential effectiveness of each individ- 
ual in his capacity to produce wealth and has opened 
for each of us almost boundless horizons. 

Those who quarrel with the machine age blame the 
engineer and say that he has made man a slave to 
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his machines, but I cannot subscribe to this view. 
The work of tending the automatic machines in use 
by industry today is not one-tenth as monotonous 
or eyhausting as the heavy manual labor which had 
to be performed by our forebears less than 2 centuries 
ago. What appears to have been overlooked is the 
enormous increase in the productive capacity of the 
individual and the fact that the increased production 
in each trade and industry makes it possible to ex- 
change this larger output for more necessaries and 
luxuries produced by other groups. 

Not only has the engineer improved the material 
condition of his fellows, but by releasing men from 
long hours of drudgery has had a profound effect on 
the culture of the world. Perhaps with some justice 
the engineer can be criticised for stopping there and 
not taking a mo e important and commanding part 
in the actual management of the world so largely 
created by him. This situation cannot be remedied 
instantaneously, or by decree, but it can be cor- 
rected to the benefit of society as a whole. 

In the first place, I believe that the fundamental 
training of our present and future engineering 
students should cover a field much broader than 
mathematics, physics, chemistry, and allied tech- 
nical subjects. The engineer should have a thor- 
ough grounding in economic subjects, and in his 
education should be given sufficient cultural back- 
ground to enable him in after years readily to recog- 
nize, understand, and evaluate what is going on in 
the world. 

In the second place, I would urge each engineer to 
take an active interest in things outside engineering 
which, after all, covers only a relatively small part 
of the field of human activity. 

Progress today is made not by a single genius but 
by a common effort. In professional bodies, such 
as the Institute, the idea of co-operative effort has 
proved itself. As a group having certain general 
and technical interests in common we tend to act 
more effectively and with greater devotion to the 
common good than we could as segregated indi- 
viduals. The future of society in general appears to 
depend more and more upon the vitality of such 
functional groups. One of our greatest problems 
may well be to extend professional ethics and ideals 
to the areas of industrial and public life. 

The Institute has sought to reconcile scientific 
progress with compassion for humanity, and the 
highest stimulation of individual achievement with 
the widest distribution of social benefits. A reali- 
zation exists that social and economic aspects of our 
profession must be taken into greater account. We 
cannot limit ourselves entirely to purely technical 
matters. 

The engineers and scientists who have provided 
present-day society with its astounding equipment 
and conveniences, have given relatively little thought 
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to the deeper effects of their achievements upon the 
lives and characters of men, communities, and 
peoples. The ability to discover and develop more 
and better goods and services and the capacity to 
produce them have been achieved. But how to 
divide the benefits of engineering progress between 
the spiritual and material has not yet been learned 
well enough by business to maintain without disas- 
trous fluctuations the steady flow of enjoyment 
through well ordered production, distribution, and 
consumption. 

The dissemination of sound information on these 
subjects to society as a whole with its capacity to 
follow thought with action, surely will clarify the 
present confused situation and lead to workable solu- 
tions. Society does not relish fog with its danger- 
ous, unpleasant impediment of the journey and its 
doleful sirens; it loves sunshine and full speed 
ahead. The steady sunshine of sound prosperity 
is all around us ready to be enjoyed as soon as wise 
leadership and intelligent following will break 
through this man-made mist of stupidity. 

As professional men we cannot assume a /aissez- 
faire attitude with the vast social and political ex- 
periments being conducted during the present 
period. ‘Although it is neither recommended nor 
desirable that we abandon our professional activi- 
ties to deal with social problems, it is extremely neces- 
sary, particularly so at this time, that we study the 
application of scientific thought to our social and 
political structure. Engineers are urged to apply 
their characteristic methods of reasoning to these 
problems in the same way as they deal with all 
types of natural phenomena. 

It is a matter of common observation that there is 
much room for improvement in the relationship be- 
tween individuals. The very complexities of modern 
life may be partly responsible for the independent 
and individualistic attitude that is so prevalent 
today. It seems almost certain that little or no 
social improvement is to be expected unless. real 
stress is laid on the improvement of man’s attitude 
toward other men, individually and collectively. 
It is for that reason that I particularly stress the 
importance of the true spirit of helpfulness of our 
profession and the necessity for a proper individual 
attitude. 

Our work in the Institute is the biggest and best 
thing that comes to us and it can produce from 
within us the biggest and best of all we personally 
contain. Fundamentally we are working together 
in a common interest which lies in everything that 
makes for the greater development of the Ameri- 
can Institute of Electrical Engineers. 

We can be justly proud of the great engineering 
progress made, particularly during the past few 
years, and the future will depend entirely on how 
we, individually, carry on the sound policies estab- 
lished by the Institute and through which it has 
grown and expanded to its present position of pre- 


eminence. 
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Two Methods of 
Mapping Flux Lines 


Two methods of magnetic and dielectric 
flux mapping by means of experimental 
models are described in this paper. Both 
methods use resistance models, through 
which current is passed; electrical conduc- 
tivities of model parts are adjusted to corre- 
spond to magnetic or dielectric permea- 
bilities of corresponding parts of the original 
design, and paths of electric current flow 
and electric equipotential lines in the 
model correspond to magnetic or dielec- 
tric flux lines and equipotential lines in the 
original design. Low melting point waxes 
with carbon or graphite inclusions are par- 
ticularly suitable for model making pur- 
poses due to easy working properties and 
ready control of the electrical conduc- 
tivity. 


By 
FRANK W. GODSEY, JR. Sprague Specialties Co., 


ASSOCIATE A.I.E.E. North Adams, Mass. 


Pons G flux maps by the method 
of curvilinear squares is at best a tedious method of 
estimating flux distribution; and in the case of mag- 
netic and electrostatic circuits containing elements 
of different permeabilities and dielectric constants, 
accuracy is difficult to adhere to. Unfortunately, 
the most commonly utilized magnetic and dielectric 
structures in engineering practice do not lend them- 
selves to mathematical solutions of flux distributions, 
and accuracy in design depends in large measure 
upon trial and error methods. 

The 2 methods of flux mapping described in this 
paper require experimental models and measure- 
ments, but they greatly increase the accuracy of flux 
mapping. For both methods, resistance models are 
used, and either method may be used for mapping 
magnetic flux or dielectric flux lines. Electrical 
conductivities of model parts are adjusted to corre- 
spond to magnetic or dielectric permeabilities of 
corresponding parts of the original design, and 
alternating or direct current is passed through the 
model. If magnetic flux lines are being studied, the 


A paper recommended for publication by the A.I.E.E. committee on electro- 
physics, and scheduled for discussion at the A.I.E.E. winter convention, New 
York, N. Y., Jan. 28-31, 1936. Manuscript submitted Jan. 9, 1935; released 
for publication Apr. 9, 1935. 


ELECTRICAL ENGINEERING 


_ paths of electric current flow and electric equipoten- 
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_ tial lines in the model correspond respectively to 
magnetic flux lines and magnetic equipotential 


lines in the original design. If dielectric flux lines are 
being considered, the paths of electric current flow 
and electrice quipotential lines in the model corre- 
spond respectively to dielectric flux lines and di- 
electric equipotential lines in the original design. 

One method described in this paper involves, 
for the determination of magnetic flux lines, the 


_ making of electrical conductivities of model parts 


proportional to magnetic permeabilities of design 
parts; current is passed through the model between 
2 contact strips, each of which is placed on a section 
of model surface which is known to be a magnetic 
equipotential surface. Electric equipotential lines 
in the model then correspond to magnetic equi- 
potential lines. This method may be designated 
hereinafter as the electromotive force-magnetomotive 
force method. 

The other method described involves, for the 
determination of magnetic flux lines, the making of 
electrical resistivities of model parts proportional to 
magnetic permeabilities of design parts; current is 


_ passed through the model between contact strips 


which are placed, not along magnetic equipotential 
surfaces, but along 2 known lines of magnetic flux. 
Electric equipotential lines in the model then corre- 
spond to magnetic flux lines. This method may be 
designated as the electromotive force-flux method. 
These 2 experimental methods applicable to mag- 
netic flux determination also are suitable for use in 


dielectric flux problems, it being necessary only to 


substitute potential difference for magnetomotive 
force, dielectric constant for magnetic permeability, 
and dielectric flux for magnetic flux. For the sake of 
simplicity, only magnetic flux cases will be con- 
sidered in the following problems. 


A TypicaL EXAMPLE 


As an example, part of a cross section through a 
motor or generator armature and an opposing field 
pole is shown in figure 1. One full tooth is shown in 
the drawing and parts of the adjacent 2 teeth are 
shown. The part of the field pole piece opposite the 
armature teeth is shown, and the cross sectioning is 
carried well below the tooth roots and well up into 
the pole piece. 

Magnetic flux lines flow down through the pole 
piece and across the air gap, entering the armature 
teeth and flowing through to the section below the 
tooth roots. Lines A-A and A,-A, are lines of mag- 
netic flux, and it is noticeable that these particular 
lines chosen are straight and located on the center- 
lines of tooth and armature slot, respectively. These 
2 lines therefore lie along planes of symmetry in the 
armature and field pole as established by the de- 
sign, and advantage is taken of this circumstance, 
as will be shown later. 

Magnetic equipotential lines are drawn in as the 
horizontal lines (except in the air gap). B-B and 
B,-B, are magnetic equipotential lines, and it is 
noticeable that a short distance above the pole face 
and a short distance below the tooth roots, these 
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lines are almost straight and parallel to the pole face. 
Thus by going to a depth below the tooth roots 
and above the pole face only slightly greater than 
the slot width of the armature, lines may be drawn 
parallel to the pole face and will substantially 
coincide with the magnetic equipotential lines. 

Simple magnetic flux problems involving flux 
lines between equipotential surfaces separated by a 
homogeneous medium are commonly solved on an 
experimental basis by resistance models in which 
voltage difference represents magnetomotive force 
and current flow paths magnetic lines of force. How- 
ever, stich solutions have been limited to equipoten- 
tial surfaces separated by a single medium. 


THE ELECTROMOTIVE FORCE- 
MAGNETOMOTIVE ForRCcE METHOD 


In any design where magnetic lines of force may 
be present, advantage may be taken of the similarity 
of the law B. = wH (where B is the magnetic flux 
density, » is the permeability of the medium and 1 
is the intensity of the inducing force) to J = GE 
(where J is the current density, G is electrical con- 
ductivity and E is the electric field intensity). 
In a scale model of a magnetic circuit, it is therefore 
necessary to substitute materials with the same ratios 
of electrical conductivities to each other that the 
original design exhibits in ratios of magnetic per- 
meabilities of the corresponding parts to each other. 
Substituting electromotive force for magnetomotive 
force will then result in equipotential electric sur- 


Fig. 1. Flux 
map of section 
of armature 
and pole 
piece 


faces similar to magnetic equipotential surfaces 
in the original, and electric current flow lines similar 
in distribution to the magnetic flux lines in the 
original design. Designs which may be represented 
effectively by flat models in 2 dimensions such as in 
figure 1 are most readily solved. 

Thus, to obtain the distribution of magnetic flux 
in a field pole piece of a given shape with a known 
air gap and an armature of given design as of figure 1, 
it is only necessary to make a plane model of the pole 
piece from a sheet of material of suitable electrical 
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TOOTH CENTERLINE 


Pole piece A, air gap B, armature C 


Fig. 2 (left). Resistance model for electromotive 
force-magnetomotive force method 


Fig. 3 (right). Magnetic equipotential line plot 
by the method of figure 2 


Armature and pole piece bounded by tooth and slot center 
lines 
Air gap conductivity 0.005 mhos per cubic centimeter, 
armature and pole piece conductivity 0.5 mhos per cubic 
centimeter 


conductivity, another model of the armature of the 
same material, and to fill the intervening air gap 
with a conducting material whose conductivity is 
to the conductivity of the pole piece and armature 
as is the permeability of the air gap in the original 
design to the permeability of the pole pieces and 
armature material. The model may be terminated 
and limited by known planes of symmetry estab- 
lished by the design in question, both as to equi- 
potential lines such as B-B and .3,-B, and flux lines. 
In the smallest detail of the case of a slotted arma- 
ture somewhere near the center of a field pole, the 
model may be terminated along the center lines of 
tooth and slot (A-A and A,-A; in figure 1), and by 
parallel lines to tooth root and pole face surfaces re- 
moved some distance from such surfaces as B-B and 
B,-B, in figure 1. When this is done, a model such as 
is Shown in figure 2 is obtained. : 

Voltage is then applied to contact strips fastened 
along equipotential lines as in figure 2, and the 
model is explored by means of a probe connected to a 
voltmeter or a potentiometer to establish experi- 
mentally the contours of the electric equipotential 
lines existing in the model, which correspond to 
magnetic equipotential lines. The experimentally 
obtained lines are then transferred to paper on which 
the design under investigation is sketched as in figure 
3. With the equipotential lines established, it is 
comparative y simple to sketch in the flux lines by 
the method of curvilinear squares. 
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The equipotential lines in figure 3 were plotted 
from data obtained from a model such as the one 
shown in figure 2. The conductivity ratio selected 
was 100/1, conductivity being proportional to per- 
meability. The resistance materials used were wax 
compositions described later, whose characteristics. 
are shown in figure 7. 


Tue ELECTROMOTIVE ForcE-FLUX METHOD 


Where definite planes of symmetry are estab- 
lished by a design, and when the model may be 
reduced to a plane figure without materially altering 
flux distribution, a faster and more accurate method 
of determining flux distribution may be employed. 

The equation J = GE may be rewritten in the 
form E =J/G. In this form E corresponds to B 
in the equation B = pH, I to H, and 1/G to u. 
Since 1/G is the volume resistivity of the model 
material, then the equation may again be rewritten 
E = pl where p is the volume resistivity and is 
analogous to the permeability » in the magnetic 
case. And by changing model conductivity ratio 
to the reciprocal of the ratio used in figure 2 as de- 
manded by this new relation, lines B-B and B,-B, of 
figure 1 become lines of electric current flow and 
lines A-A and A,-A; become electric equipotential 
lines corresponding to magnetic flux lines. 

Therefore, if it is possible to establish 2 magnetic 
equipotential lines as B-B and B,-B,, and the paths 
of 2 magnetic flux lines as A-A and A-A; in figure 1 
to bound the region to be investigated, this new 
relation may be applied. In this instance voltage is 
not applied to the model in the same manner as before. 
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Fig. 4. Resistance model for electro- 
motive force-flux method 


Pole piece A, air gap B, armature C 
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Fig. 5 (right). Magnetic flux line plot by the method 
of figure 4 


Armature and pole piece bounded by tooth and slot center lines 


Air gap resistivity 2 ohms per cubic centimeter, armature and 
pole piece resistivity 200 ohms per cubic centimeter 
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Here electric equipotential lines are correlated to 


_ magnetic flux lines, and paths of electric current flow 


are correlated to magnetic equipotential lines. 
Likewise, in the model the resistivities instead of 
the specific conductivities of the various parts are 
now proportional to the magnetic permeabilities of 
the corresponding parts in the original. Contact 
strips are placed along flux lines established by sym- 


_ metry as in figure 4. The model is then explored 


with a probe and a voltmeter or potentiometer as 


_ was done in figure 2. The experimentally obtained 


electric equipotential lines are then plotted on a 
drawing of the parts under investigation, and corre- 
spond to the magnetic flux lines as required by the 
above relations. 

A model with the same proportions as the model 
used to obtain data for figure 3 was used to obtain 
the data of figure 5. However, conductivity ratios 
were reversed as noted above using wax compositions 
in the model, and magnetic flux lines were plotted 
instead of magnetic equipotential lines. 

By superimposing figure 3 upon figure 5, the flux 
map of figure 6 is obtained, and it is seen by inspec- 
tion that very good results are obtained. Most of 
the curvilinear squares approach true squares and 
flux line and equipotential line crossings are in the 
main right angle crossings. By using larger models 
and with greater care, quite accurate results are 
obtainable. The models used here were about 2 by 
10 inches in size and somewhat small for the work. 


EXPERIMENTAL DIFFICULTIES TO BE AVOIDED 


In utilizing either the electromotive force-magneto- 
motive force or the electromotive force-flux method 
there are a number of experimental difficulties to be 
avoided. The first consideration is the question of 
conductivity or resistivity ratios in different model 
parts. In representing designs in which iron or 


- steel magnetic paths are used in combination with 


air gaps, permeability ratios may vary from about 
100/1 to several thousand/1. 

From an inspection of figure 4 it is apparent that 
for the case of a slotted armature and a smooth 
pole face, the flux distributions at the interfaces of 
armature and air gap, and pole face and air gap are 
determined almost entirely by the shape of the air 
gap part of the model since this is the low resistance 
path in the model and its edges are in parallel with 
the relatively high resistance paths corresponding 
to the iron circuit. It is evident that large changes 
in resistivity ratios may be experienced with but small 
effect upon air gap flux distribution. As an extreme 
case, the air gap distribution may be obtained with 
armature and pole piece parts removed from the 
model. The armature and pole piece model parts 
may then be placed in position and if the resistivity 
ratio is assumed to be 100/1, the variation in flux 
distribution in the air gap at a given point will be of 
the order of one per cent or less. Thus, for ratios 
between /1 and 100/1, the variations are probably 
less than one per cent. 

The flux distribution in the armature and pole piece 
model parts is determined by the flux distribution at 
the air gap interfaces and by the angles at which 
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Fig. 6. Magnetic flux map of arma- 
ture and pole piece 


Flux map obtained by combining figures 3 
and 5 


Ratio of iron to air gap permeabilities, 100 


Model terminated on armature tooth and 
slot center lines 
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flux lines enter the interfaces. The law of magnetic 
refraction, tana / tan b = u./us, where the tangents 
are those of the angles of departure from the normal 
to the point of incidence of the magnetic line with 
the plane of separation of regions of magnetic per- 
meability yw. and ww, completely determines the 
paths of flux lines entering armature and pole face 
with a given interface distribution. 

With a permeability ratio of 1,000/1 a flux line at 
45 degrees to the normal in the iron would have a. 
divergence of 3.4 minutes from the norma in air 
after traversing the interface. A change in per- 
meability ratio or conductivity ratio from 1,000/1 
to 100/1 would result in the same case with a diverg- 
ence angle in the air gap of approximately 0.5 degrees. 
In this case also, it is seen that relatively large 
changes in ratio will exert but small influence upon 
flux distribution when ratios are large to start with. 

Examining figure 2 and imposing the approxi- 
mate air gap distribution obtained from the ex- 
amination of figure 3, it is apparent that the high 
conductivity armature and pole piece parts will 
accept the interface flux distribution imposed by the 
air gap shape, and that potential drops in these 
parts will be attained with but negligible effect upon 
the potential drops across the air gap since they are of 
different orders of magnitude in a series circuit. 

Thus, it is evident that air gap shape controls 
approximate air gap flux distribution, and flux dis- 
tribution in the interfaces controls flux distribution 
and potential drops in armature and pole piece. 
Also, when conductivity ratios are large in the model, 
of the order of 100/1 or larger, comparatively large 
changes in ratio may take place with but small effect 
upon flux distribution. 

The above does not hold true when saturation 
phenomena take place, such as magnetic saturation 
in iron parts. Unless saturation is carried in iron 
parts to high values, air gap flux distribution is but 
little affected; but when magnetic saturation is con- 
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siderable; flux distribution in iron parts may be 
changed appreciably due to permeability changes. 
Such changes usually are not serious until parts of 
the design are worked well above the knee of the 
saturation curve. Unless resistance materials are 
used in the model which match the magnetic satura- 
tion curve of the iron with similar conductivity or 
resistivity versus voltage curves, absolute accuracy 
cannot be obtained. 

In the electromotive force-magnetomotive force 
method of flux mapping, there are at present no 
materials which may be interchanged easily for the 
iron parts in the model to exhibit such saturation 
phenomena since they would have to show an in- 
crease of resistance for an increase in voltage. How- 
ever, in the case of the electromotive force-flux 
method, nonlinear resistance materials are avail- 
able whose characteristic curves of voltage versus 
current may be made to approximate magnetic 
saturation curves due to a falling resistance char- 
acteristic with increases in voltage. Resistance 
materials with inclusions of silicon carbide, of which 
“thyrite’” is an example, exhibit such nonlinear 
resistance characteristics. In the majority of cases 
it is not necessary to add the refinement of matching 
magnetic saturation curves and ordinary resistance 
materials are sufficient. 

The selection of suitable workable resistance mate- 
rials for the construction of models may be a source 
of trouble in obtaining resistance ratios of the order 
of 1,000/1. Thin metal sheets may be used in very 
simple models, but such models are low resistance 


1900 Fig. 7. Model resist- 
ance material 

Resistivity in ohms per 

100 | cubic centimeter of wax 


and graphite mixtures at 
\ 25 degrees centigrade 


and flake 
graphite 
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O 20 40 60. 80 100 
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models and contact resistances and contact differ- 
ences of potential introduce large errors. Soldering 
of contact surfaces introduces surplus material and 
causes errors; equipotential contact strips are also 
difficult to place in low resistance models without 
contact resistance difficulties. Thermoelectric ef- 
fects also cause errors in low resistance models 
with d-c excitation. 

The use of carbon or graphite plates cut to the 
proper shapes with mercury as the high conductivity 
medium results in quite large errors due to contact 
resistances. 

Electrolytic models are in general unsatisfactory 
due to polarization and diffusion capacity effects. 
For instance, using alternating current to excite the 
model and a potentiometer with a pair of telephone 
receivers as the detector, a null point cannot be 
found on the model unless the potentiometer arms are 
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corrected to the proper phase angle for each point. 
Electrolytic polarization introduces harmonics of the 
fundamental excitation voltage in the model in 
addition to phase angle rotation of the fundamental. 


Wax MODELS 


High resistance models may be made using wax 
with graphite, carbon, silicon carbide, etc., inclu- 
sions. Figure 7 is a characteristic resistivity curve 
of a wax with varying proportions of graphite added. 
Quite wide resistivity ratios may be obtained by 
controlling the amount of graphite, etc. The wax 
is melted, the resistance material added and well 
mixed in. 

In making models, the melted compositions are 
poured into shallow forms or molds at a tempera- 
ture just above the melting point of the wax. Too 
high a pouring temperature will result in settling 
out of the graphite. After the wax has set, the 
forms are removed and the remainder of the model 
is poured using the mixture of the other resistivity 
value. Metal contact strips along equipotential 
lines should be placed in position before pouring the 
wax. If hot contact strips are placed in cold wax, 
high resistance joints result. 

Cross section lines are readily ruled on the wax sur- 
faces, and for photographing, equipotential lines 
may be plotted directly on the wax with a stylus. 

After use, such resistance materials may be 
broken up and remelted for further use. Model 
parts may also be cut from previously cast flat 


_ plates. 


Three dimensional models may be made in soft 
wax and explored by means of an insulated probe 
with an exposed tip. Potential values at various 
depths and at various locations may be obtained 
without much difficulty. Such models are par- 
ticularly well adapted to dielectric flux mapping in 
insulators which do not yield to other methods of 
analysis. 

In obtaining potential values for plotting equi- 
potential lines or flux lines, the probe may be moved 
about on the model until the desired balance point is 
located. A voltmeter may be used to indicate the 
potential of a point, although this is not recom- 
mended since the current required to operate a 
voltmeter is usually large compared to currents 
normally flowing under the area covered by the 
tip of the probe. A vacuum tube voltmeter would 
be satisfactory in most cases however. 

The most satisfactory method of obtaining poten- 
tial measurements is by means of a potentiometer 
and detector as shown in figures 2 and 4. Either 
alternating current with a galvanometer or tele- 
phone receivers, or a d-c source of power with a 
galvanometer detector is quite satisfactory and inde- 
pendent of variations in voltage or frequency of the 
power supply for low frequency models. 

Flux maps shown in this paper were obtained from 
models with a potentiometer, telephone receivers, 
a low voltage vibrator as a source of power at about 
200 cycles per second, and wax-graphite resistance 
materials with resistivities of 2 and 200 ohms per 
cubic centimeter. 
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Operational Method of Circuit Analysis 


PPLICATION of op- 
erational methods to 
circuit studies has 

been growing rapidly with- 
in recent years, and more 
and more this form of an- 
alysis is achieving greater 
importance as a tool for 
regular use in handling en- 
gineering problems. The 
operational calculus is 
found to be of invaluable 
service in the solution of 
transients and in the treat- 
ment of dynamical systems, 
whether of an _ electrical 
or a mechanical nature. 
The steady advance made 
in the general knowledge 
and use of the Heaviside 
operational method is 
shown by the increasing 
number of technical papers 
that employ it. 

This article has been written because of the spread- 
ing interest definitely indicated in operational circuit 
analysis, and the desire on the part of many who are 
unfamiliar with it to understand something of the 
principles of its application. The intention here is 
not to treat with the mathematics as such or with 
recent developments in the operational calculus. 
Merely, it is the aim to present what to the writer 
are some of the fundamental characteristics of the 
operational method, to show the formulation of the 
operational equations for a few circuits, and to dis- 
cuss briefly some of the methods by which the solu- 
tions to these equations may be obtained. Stress 
is given the physical reasoning behind the steps. 


NATURE OF TRANSIENTS 


Studies in engineering and physics give rise to 
problems on simple circuits, networks, and systems, 
these problems relating to any one of the major fields 
of electricity, mechanics, heat flow, sound, _ete. 
Those of particular interest here are on transients 
in electrical circuits. The divisions of the field of 
electrical engineering in which transient analysis 
is of importance are many, as indicated by the ap- 
plications Gardner has listed." 

In general, the study of electrical transients is the 
investigation of the response of such systems to dis- 
turbances producedin them. Specifically, the analy- 
sis of transients in electrical circuits involves the 
determination of the variation of charge, current, 
voltage, power, or energy with time while the system 
is undergoing a readjustment. It is inherent in all 

i i as on an oral presenta- 
ey ean vhaciecobestion, San Btanciec>, Calif Reb. 8, 1000, 


1. For all numbered references see list at end of article. 


OcToOBER 1935 


By B. L. ROBERTSON, Member A.1.E.E. 


University of California, Berkeley 


For that broad group of electrical engineers 
not familiar with Heaviside’s operational 
method and its value in the analysis of 
electrical circuits, this article presents 
briefly some of the fundamental character- 
istics of the method and explains how it is 
applied; its application is illustrated by 
the formulation of operational equations 
for a few typical circuits. 
tended primarily to impart only the funda- 
mentals of the subject to an engineer who 
has had ordinary mathematical training, it 
is hoped that the article also may serve as 
an introduction and guide to further study. 


physical systems that 
even though the disturbing 
force may be applied in- 
stantaneously, time is re- 
quired for the system to 
pass from one steady state 
condition to another. Time, 
therefore, is the independ- 
ent variable, the quantity 
under investigation the de- 
pendent variable, to be ex- 
pressed in the end as a 
function of time. 


HEAVISIDE’S 
OBJECTIVE 


Although in- 


Briefly stated, the ob- 
jective of Heaviside in an- 
alyzing circuits was to ex- 
press the solutions of the 
problems in terms of func- 
tions of his operators, and 
then to assign such signifi- 
cance to these relations that their interpretations 
would be the correct solutions to his problems. The 
solutions were to be obtained as directly as possible, 
and were to give answers without further adjustment 
by way of any consideration of constants or functions 
of integration to include boundary conditions, as must 
be done in solving differential equations. The 
great majority of problems with which Heaviside 
treated involved systems initially at rest, the dis- 
turbing forces thus being zero for all values of time 
less than zero, and taking on their normal variations 
after zero time. Heaviside took advantage of this 
fact and sought to obtain solutions that automati- 
cally applied to such boundary conditions, his de- 
velopments leading to this form of operational 
mathematics. 

The operational equation, which is the initial 
expression for a problem in terms of operators and the 
circuit constants, must contain, therefore, all in- 
formation necessary to solve the problem com- 
pletely. The solution to the operational equation 
is to be the same as that for the differential equation 
after initial conditions have been included, and is to 
yield at once the total result, which for circuit tran- 
sients is the transient plus the steady state variations 
of the quantity studied. 

Heaviside’s own method of interpreting his opera- 
tional functions, and in converting them into explicit 
functions of time, appears to be one almost entirely 
experimental. It would seem that he must have ap- 
plied his method to problems having known solu- 
tions, and in this way determined how well his 
general rules worked and what he could or could not 
do. No doubt such steps provided him with the 
body of rules which he used in his analyses but on 
which he gave little or no discussion in his technical 
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papers. Because he studied circuits of the linear 
type on which a direct voltage was impressed at 
time ¢ = 0, he had as a guide the solutions of the 
differential equations for those circuits. The solu- 
tions of simple problems were not difficult to obtain. 
His aim was to secure the same results by means of 
his operators without having to make recourse to 
differential equations or to problem boundary condi- 
tions, once the operational equations were written. 
By comparing operational forms for the same prob- 
lems with the solutions obtained otherwise, the 
significance of these forms was indicated. 

It may be well to state at this point that once an 
operational function is found to be related definitely 
to a given form of solution, the same operational 
expression met in any other problem will carry the 
same interpretation. Its translation in terms of a 
time function may be written immediately. The 
operational expressions with their time function 
equivalents, as a table, therefore become funda- 
mental to the working use of the operational cal- 
culus as the integral table is to the ordinary calculus. 

The correlation existing between the operational 
calculus and classical mathematics has been brought 
about in relatively recent years, and the mathemati- 
cal material presented today in support of opera- 
tional methods was not touched upon by Heaviside. 
Very much of it, of course, did not exist then, and 
mathematical rigor as a defense for his develop- 
ments did not appeal to Heaviside, particularly in 
view of the fact that he was obtaining correct results 
for complicated problems. He was concerned pri- 
marily that his mathematics give him accurate 
answers in a quick and satisfactory way. Guided 
greatly by intuition and his wealth of knowledge 
on the physics behind his circuit studies, he de- 
veloped the operational calculus now ascribed to his 
name. 


FORMULATION OF THE PROBLEM 


The first step toward the solution of a problem 
is the derivation, from the fundamental physical 
relations of the system, of the analytical equations 
that adequately are to represent the system. The 
mathematical expressions thus obtained become the 
shorthand statements of the conditions surrounding 
the problem, and are to convey the same thoughts 
that otherwise would be stated in a longer way by 
words. That is, the mathematical formulation of 
engineering problems is nothing else than the sym- 
bolizing of physical ideas. The effort required to 
symbolize a problem depends upon the end desired, 
whether steady state conditions only are to be con- 
sidered, or partial studies of the aspects of transient 
phenomena are to be carried out, or the complete so- 
lution including both transient and steady state rela- 
tions is to be found. 

Not all problems can be formulated in this manner 
because of the complexities encountered, and the 
difficulty in considering all the variables and the 
way in which they possibly should be introduced. 
The phenomena under treatment in this discussion 
are those that may be described by linear differential 
equations or the operational calculus. 
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METHODS OF SOLUTION 


The second step in the solution of a problem con- 
sists of carrying out the formal mathematical opera- 
tions by which the initial circuit equations may be 
said to be solved. The resulting system equations 
usually will be expressed also in symbolic form, 
consequent calculations giving numerical results. 
Fundamentally, the methods of solving engineering 
problems fall into 2 major divisions. The first of 
these is qualitative, based upon redsoning from the 
physics of the problem together with reasoning from 
past experiences. The second division is quantita- 
tive, under which experimental schemes and me- 
chanical devices may be employed as well as mathe- 
matics. Because of its power as a tool in the analy- 
sis of circuits, the operational calculus is becoming 
more prominent and is supplanting other forms of 
solution in many instances. 


THE OPERATOR AND THE UNIT FUNCTION 


The operational calculus generally is typified by 2 
symbols, the operator », and the unit function 1. 
The operator in its use probably is more mathemati- 
cal than physical, the unit function more physical 
than mathematical. Operators are symbolic quan- 
tities indicating certain steps to be followed, or calling 
attention to given interpretations to be recognized. 
Operators are not new and engineers are familiar 
with many of them, for example, the trigonometric 
symbols “‘sin,’”’ “‘cos,”’ “‘tan,’’ etc.; the logarithmic 
and exponential notations; the operators j, and a 
(the latter met in studies on symmetrical com- 
ponents); and others such as D (= d/dx, d/dt, etc.). 
These quantities point to definite processes to be 
performed, although they are not always considered 
as operators. 

The operator p in the Heaviside calculus ”? initially 
is to represent the time differentiator d/dt. Further, 
it is desired that this operator bear the reciprocal 
relation such that 1/p denote an integration. To 
make the operator as useful as possible it also should 
obey the ordinary rules of algebra. In addition to p 
indicating an operation, those who are acquainted 
with the solutions to linear differential equations will 
observe that it is the variable in the characteristic 
equation. The symbol p as used in the Heaviside 
operational calculus thus has several different inter- 
pretations. 

If the purposes Heaviside had in mind are to be 
achieved, the operator p may not be defined pre- 
sumptively. Its interpretation depends upon the 
physical nature of the problem at hand, and its 
meaning will change with transformations of the 
operational equations that contain it. The opera- 
tional equation may be obtained from the correspond- 
ing differential equation by making the substitu- 
tions for the time differentiators, i. e., p = d/dd, ....... 
p" = a*/dt", with the accompanying reciprocal 
relations 1/p = dt, etc. In problems on trans- 
mission lines and in heat flow appear expressions 
containing p to half powers, i. e:, p”, p, ete. 
In no sense, though, does p’? imply (d/dt)’. Such 
a relation does not exist, and no significance may be 
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attached to it. Fractional powers of » must be 
interpreted as they are met, and in view of the prob- 
lem itself. The operator p, as it appears in its 
various manners, is not subject to any single defini- 
- tion and may not be characterized completely as yet. 

The unit function,* 4 1, is a discontinuous func- 
tion of time, and is defined as the function plotted in 
figure la; it is a function that is continuously zero 
until the time ¢ = 0, and continuously unity there- 
after. It thus displays the discontinuous form of 
the disturbing force, as illustrated further by the 3 
other graphs of figure 1.. The unit function is not 
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Fig. 1. Significance of the unit function 


mentioned explicitly by all writers on operational 
calculus, but even when omitted in discussion or in 
their mathematics it usually is implied. Its prin- 
cipal use is to avoid a great many unnecessary words, 
for once it has been defined only E(¢).1 need be writ- 
ten to indicate an electromotive force that is applied 
at time ¢ = O and thereafter has the value E({). 
Without the notation it would be necessary to ex- 
plain that this is what is meant. 

The following characteristics thus represent essen- 
tials in the operational method: 


ike = GU hy (PF = CHEE 2 3 oo - p” = d"/dt"; p is the time differ- 
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t 
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process of differentiation, but a definite integration.® 


3. p K1 = K1; p obeys the ordinary rules of algebra. 


FORMULATION OF OPERATIONAL EQUATIONS 


With the foregoing discussions kept in mind, 
one turns next to the formulation of the operational 
equations for several simple circuits in order to 
investigate the manner in which they are expressed. 
Figure 2 shows a few typical circuit diagrams, these 
having been chosen purposely to illustrate certain 
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fundamental features in deriving the operational 
equation. Space does not permit the inclusion of 
merited discussions on other circuit conditions 
of importance; these must be left to the reader to 
study. 

Figure 2a represents a circuit of resistance and 
inductance to which is applied a direct voltage of E 
volts at ¢ = 0, the current response being desired. 
From Kirchhoff’s second law that, when taken with 
the proper algebraic signs, the sum of the voltages 
around a closed loop is zero, the differential equa- 
tion for the circuit becomes 


Ri Toate 0 
ees pete oe 
dt 
or 
per E (1) 
dt are 


The 2 terms involving the current carry negative 
signs with respect to the impressed electromotive 
force because these 2 voltages are in opposition to it. 

Replacing the time derivative by the operator® p 
and introducing the unit function to call attention 
to the form of the applied voltage, the operational 
equation for the circuit becomes 


Lpi+ Ri=E1 (2) 


Treating p algebraically, the operational solution for _ 
the current is 


BS 
i= E1 = = — 
L 


1 (3) 


where a = K/L. The operational impedance func- 
tion for the circuit is designated by Z(p) = (Lp + 
R). Solving the problem means finding a correct 
interpretation of 1/(p + a) operating upon unit 
function. 

For figure 2b there results (all capacitances in the 
examples are assumed initially uncharged) 


Lat 
J 


Ri + (4) 
which in operational symbols becomes 
Re eee as 
4 C p De (5) 
and from which 
1 
t= FE 
jae, 
pC 
ee Dt 
poe ‘S 


where a now is 1/RC. Just as a note of interest, 
those familiar with the elements of circuit theory 
will recognize in a, for both of these circuits, the 
reciprocal of the circuit time constants. 

In like manner to the above developments, the 
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operational solution for the total current in the 
circuit given by figure 2c is 


& 1 
(R + eL)( se) 


r+ i 


E1 


no peLC + pCR +1 ; @) 
pLCr + p(CRr + L) + (R +7) 

It may be observed that the operational impedance 
function as first written in terms of the circuit ele- 
ments is identical in form to that obtained for the 
equivalent impedance of a series-parallel circuit when 
expressed in terms of complex quantities. The 
operator p replaces jw. One initially may handle 
circuits in this manner, later substituting the proper 
operational equivalents for the corresponding circuit 
elements and reducing the resulting algebraic equa- 
tion to its simplest form. 

The circuit of figure 2d assumes a current of con- 
stant magnitude 7 suddenly forced through a parallel 
combination of capacitance and inductance. The 
resulting circuit voltage, which now is desired, is 


1 


52) Ore = 
e = Z(p)i1 = i= i 
AON ra 
Be feet ll d 8 
= Cp hat as usually expressed) (8) 


where for this circuit a = 1/WLC. 
The circuit of figure 2e is the same as that of 
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figure 2d, but the current now is sinusoidal in form, 
the switch being closed at the instant the current 
is passing through zero and increasing positively. 
Since the impedance function for the circuit is the 
same as that just found, the voltage across the circuit 
elements becomes 


e = Z(p)11 


I 
eer 2 = (sin a) 1 (9) 


The particular point to be emphasized here is that 
the operand is the entire part of the expression 
(sin wt)1, and p/(p? + a?) operates upon it as a 
whole. In other words, sin wt may not be treated 
simply as a multiplying factor, thus to retain its 
identity, nor may p/(p? + a?) be evaluated by it- 
self. The entire right-hand member, except for 
the constant term J/C, must be interpreted as a 
unit. This process is to be shown later. 

In order to handle properly the right hand member 
of equation 9 it is convenient to convert the time 
function sin wt to its operational equivalent which 
later is shown to be 


seal (10) 


sin wi = ——— 
p? + w? 


The operational equation for the voltage therefore 
is found to be ~ 


Pde P pw 
Com C \ pb? + a? p? + w&? 


from which, with correct interpretation of the 


(11) 


Fig. 2. Circuit diagrams and associated equations illustrating the application of the operational method 
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quantity within the parentheses operating upon 


unit function, the solution is reached. 
The last illustration, given by figure 2f, involves 


the same point made in the previous example. 


The expression for the current here is sought, whence 


ater =) : 
R\p+ap+B 

where a = 1/RC. The same statements hold as be- 
fore for the operation of the entire quantity within 
the parentheses on unit function. Both problems 
indicate the requirement of converting a time func- 
tion, other than a constant, in the operand into its 
equivalent operational form before proceeding to the 
final solution. For the last circuit, however, there 
is another method, Heaviside’s shifting theorem, 


(12) 


which will remove the exponential term from the 


operand. There are several ways of treating this 
problem. 

To summarize briefly, the operational equation is 
an expression in terms of constants of the circuit and 
functions of the operator p. It is simply the formu- 
lated statement, expressed in symbols, of the physical 
problem under consideration. For a single circuit 
it stands exactly for the differential equation with 
its surrounding conditions which otherwise might be 
written, and its initial form may be obtained directly 
from the differential equation if desired. For a 
system or a network of 1 loops, there results a system 
of 2 simultaneous operational equations just as there 
also may be derived a system of ~ simultaneous dif- 
ferential equations. The operational equations, 
properly interpreted, must give solutions identical 
to those found for the differential equations with 
their boundary conditions included. Operational 
equations hence may be said to represent in abbre- 
viation the actual equations, differential or integral, 
for the problem, together with the special form of 
boundary conditions which implies that the system 
initially is at rest. 


SOLUTIONS TO THE OPERATIONAL EQUATIONS 


It is necessary next to determine the interpreta- 
tions for the operational equations, and, for value to 
the reader, to solve those developed in the preceding 
section of this article. Setting up the operational 
equation for a circuit is relatively simple, but to ob- 
tain its solution is an entirely different matter. 
Leaving aside any discussion of the so-called classical 
methods of solving circuits, i. e., by differential or 
integral equations, attention is restricted to purely 
operational modes of attack of which there are in 
general several for most problems. : 

Solutions to operational equations may be found in 
several ways, prominent ones of which are: 


1. Interpretations of operational expressions from known solutions. 
The operational equation for a specific circuit must yield the same re- 
sult as that found by other means, e. g., by differential equations. 
Heaviside interpreted the operator p’/*1, for instance, as (mt) ~ 1/2 from 
the known solutions to heat flow problems.’ 
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2. Long division of the operational equation to obtain a series, each 
term of which then is evaluated. The method includes binomial 
theorem expansions. Heaviside referred to this method as ‘‘alge- 
brizing.’’8 

8. Heaviside’s expansion theorem.?~!7 

4. Partial fraction expansion of the operational equation into recog- 
nizable parts, a method identical to that employed in the integral 


calculus to assist in the evaluation of integrals, and a standard 
method in the theory of differential equations for many years.!*!® 


5. Heaviside’s shifting theorem, to remove exponential time factors 
from the operand.2?~22 


6. Borel’s theorem, relating to the product of 2 functions.?4—*® 
7. Contour integration of the equivalent Fourier integral.26—%° 


8. Carson’s integral equation.#!—35 


Some of these methods will be illustrated by applica- 
tion to the problems presented in figure 2. 


REASONING From KNOWN SOLUTIONS 


The solutions for the currents in the circuits of 
figures 2a and 2b are known readily—in fact, these 2 
problems are perhaps the first ones discussed in any 
elementary study of transients. After the general 
solutions of the respective differential equations have 
been obtained, substitution of initial conditions gives 
the particular solutions. Determination of the con- 
stants of integration depends upon the physical re- 
lations that, in the first circuit = 0 when ¢ = 0, and 
in the second circuit, = E/Rwhent = 0. The cur- 
rents are expressed explicitly as functions of time 
and are, respectively 


q E 
+= Rp — e— (R/L)t) (13) 


and 


i= a 6 /RC (14) 

Since the solutions of the operational equations are 
to yield the same results, of necessity, then the inter- 
pretations of equations 3 and 6 follow immediately. 
Comparison of equations 3 and 13 gives 


EAE, 
Laat 


(1 — <— &/Dby 


whence 


i 
pre 


1 
1=—(1-—- emo) 
a 


(15) 


as a general relation. Similarly, comparison of 


equations 6 and 14 gives 


Pee. hen Re) 
Rpt+a R 
whence 
z at 
1 = er * 
[peas (9) 
It may be observed that whatever a may be 
p 1 dee 
— —— = 1 = es ——_ eS ent 
anate tenet) ale qa a 
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In like manner 


1 
- See: 
pre DB GINO 0 


The time derivative or integral obviously is taken 
of the equivalent time function for the operational 
expression. It should be understood that the juxta- 
position of 2 operational functions does not mean the 
product of their respective time functions. An opera- 
tion is implied, and the entire quantity must so be 
treated. 

Although these 2 examples are given for special 
and the simplest of circuits, the time function equiva- 
lents of the corresponding operational expressions 
are perfectly general and may be used on all other 
circuits that yield the same operational forms. There 
is only one time function that is related to a given 
operational expression. 

To illustrate the value of what has just been pre- 
sented, consider the operational equivalent of sin wf 
(refer to equation 10): 


1 . 4 1 
cin ob = 2 (eit — ie) = 3 ( : ; yi 
2j 


(18) 


2\bp—jo pt jo 
pw 
rane, 1 (19) 
Similarly 
cos wt = Fe Pt 1 (20) 
Pp? + w? 


Both relations are of importance in operational circuit 
analysis. 


OPERATIONAL DIVISION 


The second manner of evaluating operational forms 
is that of long division, which for equations 3 and 6 
gives the binomial expansions for those forms. To 
illustrate, when applied to equation 6 there results 


eee ae 
peal teeta 
= 2(p! — pa + pa? — potai +..... ya 
= {foie & ig ae e a a 1 
2g PhS wal 
at? ah t3 
— (: at + TT 3! + ee ) 


ema (21) 
The fourth step is obtained from the third by applica- 


is and the resulting series is recognized 


1 t 
tion of — 1 = — 
p” 


The same method of ex- 


13 
cag 

The solutions thus obtained are complete; they 
include the transient and the steady state variations 
of the currents. In the method of operational divi- 
sion, or where p appears in the denominator as it 
does in the foregoing expressions, it is the added re- 
striction of making the reciprocal of the operator p 
the definite integral from zero time to time ¢ that has 
the effect of including the constants of integration 
in the solution. Other methods of solution, one of 
which has been illustrated in the preceding section, 


as the expansion of «~*. 


pansion holds for 


1042 


give the correct result without recourse to integration. 

More complicated operational expressions may be 
treated similarly through some convenient form of 
expansion of the operator into a power series, often 
by formal division of the numerator by the denomina- 
tor of the operational fraction. The objection to 
operational expansions of this kind, however, is that 
they lead to infinite series which at times are ex- 
tremely difficult, if not impossible, to recognize and 
sum. Furthermore, they may be of no, or very lim- 
ited, value for numerical computations, though they 
are sometimes very useful in obtaining approximate 
results. 

One point should be presented before passing on. 
The process of “‘algebrizing’”’ the operational equa- 
tion will give 2 series, depending upon the manner of 
expansion. The binomial theorem, for example, al- 
ways can be written in 2 ways (fb + a)7! or (a + 
p)~. In the first instance p appears in the denomi- 
nators of the consequent terms, and in the second 
instance in the numerators. Where occurs in 
descending powers, as it does in equation 21, the 
time function may be evident in its relation to the 
correct problem solution. With p appearing in 
whole powers in the numerators, the time function 
being 1, a series of zeros results and correspondence 
with the true solution is not observed. In the ex- 
ample just given it has been necessary to expand in 
inverse powers of p as shown. 

Series expansions of operators may lead to a con- 
vergent series, or to a divergent or asymptotic solu- 
tion. One is satisfactory for numerical computation 
for small values of time, the other for large values of 
time. Failure, however, may occur with either 
series, the algebrizing process breaking down. In 
brief, Heaviside’s method of series expansion of the 
operator will not always give correct results auto- 
matically; caution, therefore, must be exercised in 
obtaining such forms of solution. One should in- 
vestigate the correctness of the methods employed 
and the completeness of his results. 


THE EXPANSION THEOREM 


With but little discussion, Heaviside gave, in 
volume 2 of Electromagnetic Theory, and volume 2 
of Electrical Papers, his expansion theorem. The 
theorem is a formal means by which the solutions of 
operational equations may be found directly. It is 
applicable to most problems, including a great many 
on transmission lines and heat flow where the con- 
stants are distributed rather than lumped. When 
the theorem does apply it is probably the most con- 
venient method to use. 

No derivation of the expansion theorem is given 
here, merely the statement of it: 


Pn 
PETAL Ont 
DS A2O) ero : 


Py 


(22) 


In brief, Z(0) is the operational impedance function 
in which p and its powers have béen replaced by zero; 
Py bo, .... Pn are the n roots of the equation Z(p) = 
0; and Z’(p,) is d/dp [Z(p)], after which the par- 
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: root p,, for the kth term under consideration, 
_ is substituted for the general root p. 


__ To show the steps in the use of the theorem, con- 
sider the R-L circuit of figure 2a. Here, 


~2(b)=Llp+R=0 (23) 
r and only one root, p = p; = —R/L, exists; Z(0) = 
Rand Z'(p) = L, whence p,Z'(p;) = —R. The 
_ solution for the current is 

. 1 ig 

: Bel: ws) (24) 


The circuit of figure 2c is solved mere conveniently 
_ by the expansion theorem than by other means, al- 
though when written out completely in symbolic 
form the algebraic expressions are somewhat cum- 
bersome to manipulate. With circuit data: E = 
100 volts; r = 100 ohms; R = 150 ohms; L = 0.1 
henry; and C = 80 microfarads, the solution for the 
current is 


4 = 0.40 + 0.6075€~22% — 0.0075¢—140% (25) 


which the reader may verify. 

It may be seen that the term Z(0) leads to the 
steady state current in the examples shown, the 
exponentials yielding the transient components. 
With an alternating voltage impressed on the cir- 
cuits, the term 1/Z(0) disappears, and the steady 
state solutions come from the exponentials, those 
particular ones having imaginary indices +jwt which 
lead to sin wt or cos wt, the form of the applied volt- 
age. 

_ The expansion theorem often is easily handled, 
and, when such is the case, leads to solutions that 
readily can be evaluated numerically. The greatest 
difficulty encountered in its use enters in determining 
the roots of Z(p) = 0, particularly when Z(f) is of 
degree in p higher than the fourth. This same diff- 
culty, however, is met in factoring all algebraic 
equations and is not peculiar in any way to the ex- 
pansion theorem. One of the restrictions on the 
expansion theorem is that in its development zero 
and repeated roots are excluded. This restriction 
is not one of much consequence because physical 
problems tend only to approach such conditions (as 
expressed in this mathematical manner), and that 
but very seldom. 


PARTIAL FRACTION EXPANSION 


Partial fraction expansion, the basic principle 
underlying the expansion theorem, is the operation 
of decomposing a given fraction into a group of 
simpler fractions. These partial fractions have de- 
nominators that are factors of the denominator of the 
given fraction, and hence the latter is converted into 
a sum of expressions each one of which can be treated 
individually and more conveniently. The given frac- 
tion usually is reduced to a proper fraction before be- 
ing decomposed, unless the degree of the numerator 
is already less than that of the denominator. It is 
assumed that the reader will recall the method of par- 
tial fraction expansion. 

This method applied to equation 8, which was de- 
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rived for the circuit of figure 2d, gives for the voltage, 


eée= 


U 

6 

Fale Sh 1 

C | 2p + ja) * 2p aah 


Bae ; 1 i eft — ¢—Jat 
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» 


Ce 4) 
=1 est ———— (26) 


Observe also, that 


Cis L ee = i sin re 
CH 2 iE ALLO 


an application of the relation given by equation 19. 
This problem can be attacked equally as well by use 
of the expansion theorem. 

Solving equation 11, for the circuit of figure 2e, the 
method of partial fraction expansion gives for the 
voltage 


UK aw P aw p? 1 
can C \w? — a? p? + a w? — a? p2 + w? 


ILw f t 
Si cos Vit COS wt (27) 


HEAVISIDE’S SHIFTING THEOREM 


To show the manner in which an exponential time 
function is removed from the operand of an opera- 
tional equation, Heaviside’s shifting theorem is em- 
ployed. The theorem, not proved here, allows an ex- 
ponential, such as e ®, to be shifted from the operand 
by the substitution of (b— 1) for all p’s in the rest of 
the operational equation. That is, 


p ¢ Fh qe OSE 


28 
prea PAarB ae 
The exponential time function now becomes a multi- 
plying factor only. 


Equation 28 is a second form of the operational 
equation representing the circuit of figure 2f, whence, 
by partial fraction expansion of the operand, or by 
use of the expansion theorem 


E 1 


Space does not permit further discussion of meth- 
ods of solving operational equations, but the methods 
presented, though in brief, should give some idea 
of the operational attack on physical problems. 


FRACTIONAL POWERS OF p 


Because questions frequently are asked about the 
significance of fractional differentiation and integra- 
tion, a word should be given before closing on that 
phase of operational calculus. In his investigations 
on telegraph cables, Heaviside obtained series solu- 
tions for many problems in which the operational 
equations contained the operator to half powers. 
Both ascending and descending series were found, 
and it was necessary to interpret these half-power 
operators. 
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The appearance of terms such as p71, p/"1, p-'1, 
etc., called particularly for interpretation of p'/"1. 
By comparing his operational mathematics with 
classical heat flow problems having known solutions, 
Heaviside determined that 


pl? 4 = sea 2 


Vat 


Other half powers of p then became simply the de- 
rivatives or integrals of 1/-zt, for example 


(30) 


1 2 
—/1q = - /2 4 AED) 
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dd 1 
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Again may be noted the experimental manner by 
which the time function equivalent to an operational 
form had been obtained. 

Whether the terminologies ‘fractional differentia- 
tion” or ‘fractional integration” have meaning de- 
pends perhaps upon the reader’s viewpoint. The en- 
tire interpretation of the fractional power operator is 
based upon equation 30, after which the operations 
are in integral powers of p. In this sense, these termi- 
nologies have lost the significance that might be car- 
ried over to the operational calculus from the ordi- 
nary calculus. 


TABLES OF OPERATIONAL EQUIVALENTS 


From what few problems have been discussed thus 
far in this article, the time function equivalents of 
several operational forms have been determined. 
The solution of a larger group of problems obviously 
would increase the number of related expressions. 
Further, by use of the described methods of solution 
it is possible to devise operational forms and to seek 
their time function equivalents without the necessity 
of having specific physical problems in view. 

The advantage of equivalent expressions is that 
once they are obtained they need not again be de- 
rived, but the time function may be written immedi- 
ately whenever its corresponding operational form is 
met, regardless of the problem giving rise to it. 
Tables of operational expressions with their related 
time function equivalents are given in the textbooks 
mentioned. In addition to these, attention also is 
called to the extensive table of Fourier transforms 
presented by Campbell and Foster.** Since the op- 
erational calculus readily can be interpreted in terms 
of the Fourier integral, as in the work of Bromwich 
and March, this table properly may be regarded as 
belonging to the class of operational equivalents. 
As stated by Bush, ‘Most of them (Fourier trans- 
forms) become immediately available as operational 
formulas by noting that the operand is #1 in our nota- 
tion.’’ One approaching the operational calculus can 
obtain familiarity with many of its fundamentals by 
deriving for himself operational formulas he will find 
in these several tables. 

Quite frequently one finds equivalent expressions 
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in which the unit function accompanies both mem- 
bers, e. g., ate 1 =« “1. Whether or not one cares 


to retain the unit function with both members is per- 
haps optional. Unit function has exactly the same 
physical significance for both terms, and in the sense 
of being a signpost serves only to call attention to the 
nature of the impressed force, and to the fact that the 
ultimate solution may be computed using values of 
time beginning with ¢ = 0. For that reason its re- 
tention is fully justifiable. One may argue, though, 
that, once having operated upon unit function to ob- 
tain the corresponding time function, unit function 
perhaps should disappear. One also may question 
the mathematical correctness of the statement “‘oper- 
ating upon unit function.’’ As the writer views the 

Pp =— 
pre 
~o“ whether or not the unit function is exhibited ex- 
plicitly in either term. We always are left with a far 
greater physical significance of the unit function than 
with one that is mathematical. 

As stated at the outset, this article has been di- 
rected toward the reader who has had little acquaint- 
ance with the Heaviside operational calculus but who 
has desired to have some of its fundamentals pre- 
sented to him. It has been the aim primarily to dis- 
cuss the physical ideas underlying the material 
given. The treatment has been specific, with the 
view that in definitely applying the operational 
method to particular circuits its elements may be 
grasped more readily. 

The scope of the operational method is fairly large. 
In the great majority of circuits cause and effect are 
directly proportional to each other, and the coeffi- 
cients of the terms involving differentials or deriva- 
tives in the problem statements are constant. Asa 
consequence, the differential equations representing 
such a system are said to be linear with constant 
coefficients. To be precise, these statements are not 
strictly true, but for all practical purposes they are 
assumed to hold. The coefficients are the system 
parameters R, L, C, etc., (either singly or grouped) 
which usually are called the circuit constants. 

It is to the linear circuit with constant parameters 
that the operational method may be applied. It is 
not restricted, however, only to that type of problem 
described by the ordinary differential equation; it 
includes also certain circuits that may be represented. 
by partial differential equations, e. g., the transmis- 
sion line, and some problems in heat flow. As yet the 
operational calculus has not been applied satisfac- 
torily from an engineering point of view to systems 
that are nonlinear or that have variable ‘‘circuit 
constants.” 

Many phases of operational circuit analysis and its 
related features, of course, have not been touched 
upon. Listing several of such subjects of considera- 
tion, there are: circuits the past history of which 
must be taken into account, changes of circuit, 
coupled circuits, net-works and systems of equations, 
the theorem of superposition, the infinite integral 
equation, transmission lines and cables, heat flow, 
series solutions, transfer operators, traveling waves. 


ideas underlying the operational method, 
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These topics are beyond the scope of this article and 


_ must be left to the reader to follow. It has been the 


hope, however, that in the treatment given here he 
will be led to a better understanding of the opera- 
tional method of approach to the solution of engi- 
neering problems. 
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Multielement Operation of 
the Cathode Ray Oscillograph 


With the aid of specially designed auxiliary 
devices, the cathode ray oscillograph may 
be operated as a multielement instrument, 
in circuits that permit of the repeated ap- 
plication of the wave to be observed. The 
number of waves that may be traced with 
apparent simulataneity on the oscillograph 
screen is limited only by the complexity 
of the control circuit and the crowding of 
the various curves on the relatively small 


screen. 
By 
BS F. WOODRUFF Massachusetts Institute of 
MEMBER. A.1I.E.E. Technology, Cambridge 


Tue cathode ray oscillograph has 
undergone a very rapid development during the past 
few years, largely because of its promise as a receiver 
in television apparatus. Laboratory workers have 
benefited from this development, but its rapidity 
perhaps has resulted in an as yet incomplete realiza- 
tion of its potentialities. 

For the observation and measurement of quick 
transients in electric circuits perhaps the only im- 
portant disadvantage of the cathode ray oscillo- 
graph, in comparison with the bifilar type, is that it 
is designed to trace only a single curve. To overcome 
this disadvantage, there have been developed in the 
electrical enyineering department at the Massa- 
chusetts Institute of Technology devices for making 
possible the operation of the instrument as a multi- 
element oscillograph, in circuits that allow the 
repeated application of the waves to be measured. 
The waves may be either steady-state or transient. 

Figure 1 shows the simple apparatus required, 
in addition to the standard oscillograph and sweep 
circuit, for handling 2 transients, and figure 2 a . 
similar device developed to handle up to 4 transients 
simultaneously. In the apparatus of figure 1 a 
small synchronous motor drives 3 insulating disks 
bearing copper insets on portions of their peripheries. 
The function of the device in brief is to act as a 
commutator and to switch to the measuring plates 
of the oscillograph the various voltage waves to be 
traced. At the same time the device must trip the 
sweep circuit at the proper time so that the curves 
will remain stationary on the oscillograph screen. 

Figure 3 indicates the layout of the 3 disks that 


A paper recommended for publication by the A.I.E.E. committee on instruments 
and measurements. Manuscript submitted June 27, 1934; released for publica- 
tion March 22, 1935. 
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Synchronous-motor-driven commutating 


disks, with brush assembly 


Fig. 2. 


commutating 


Synchronous-motor-driven 
disks, with change gears, designed to handle as 
many as 4 circuits simultaneously 


form part of the device. For recording 2 voltage 
curves, such as, for example, on a transmission line 
transient, disks 2 and 3 only need be used and the 
circuit connected as indicated in figure 4. As disk 
2 rotates, the conducting insets, traveling counter- 
clockwise, pass the 3 brushes marked 3, 4, and 5. 
The wire to the sweep-circuit trip contact is con- 
nected to the supply when the inset reaches brush 4 
and 20 degrees later, when brush 5 is reached, the 
line to the sending end of the transmission line is 
energized. These contacts remain closed for almost 
a half revolution, and then after a brief open period 
are reclosed by the passage of the other metal inset. 
Turning on the same shaft, disk 3 contains only a 
single metal inset; 2 pairs of brushes, diametrically 
opposite as shown, bear on this disk. One pair of the 
opposite brushes is connected together to a common 
deflecting plate of the oscillograph. The other 2 
brushes are connected to the 2 points at which the 
_ voltage variation curves are to be traced. 

In operation, 2 transients are thrown on the line 
for each revolution of the disks. During alternate 
transients the voltage of one point is recorded, and 
during the other transients the voltage of the second 
point is recorded. These alternate curves are traced 
in such rapid succession that to the eye they both 
appear to be present continuously on the screen. 
The persistence of the willemite fluorescence con- 
tributes to this illusion. 

Figure 5 shows a series of oscillograms taken with 
the aid of this device, representing the d-c transients 
on a 100-mile laboratory smooth transmission line. 
The line was open at the receiving end, and a con- 
stant direct voltage was applied intermittently at 
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the sending end. Provision was made for draining 
the residual charge from the line between applications _ 
of voltage. On each oscillogram is traced the | 
sending-end voltage, which jumps suddenly from — 
zero to a constant value. The other curve is the 
voltage at another point along the line. Not only 
are the shapes and sizes of the various voltage waves 
and reflections clearly indicated, but the time re- 
quired for the wave to reach the several positions on 
the line is indicated by the horizontal distance 
between the application of sending-end voltage and 
the initial arrival of the wave at the several points. 
Figure 6 shows a series of oscillograms taken on the _ 
same line, but with alternating voltage impressed. 
The voltage was thrown on at different parts of the 
cycle in the various oscillograms. The driving 
motor of the commutator disks is of the synchronous 
type, which is necessary in order to hold steady the 
a-c transients. A mnonsynchronous drive would 


Fig. 3. Commutating disks and brushes for 2 element 
operation 


P= GeSUPPRY 


SWEEP CIRCUIT 
Corie ATOR 
O 


CATHODE RAY 
TUBE 


Fig. 4. Circuit used in recording 2 voltage transients 
simultaneously 


result in the voltage being thrown on at different 
points of the cycle even though the locking feature 
of the oscillograph sweep circuit might keep it 
synchronized with the wave to be measured. 

The device is not limited to voltage measurements 
but may be applied equally well to measurements of 
current. If one voltage and one current curve are 
to be traced, then all 3 disks must be used along with 
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the circuit shown in figure 7. It will be assumed 


that the oscillograph is equipped with magnetic coils 
for current operation. These must be connected in 


series with the section of the line in which the cur- 
rent is to be measured, but this connection is to be 
established only on alternate applications of the 


Fig. 5. D-c transients on a 
laboratory smooth line 


Line was open at receiving end, 
and direct voltage was impressed 
suddenly at sending end. On 
each oscillogram one curve is the 
sending-end voltage; the other 
curve is voltage: (a) at receiving end; (b) 1/5; of way back from 
receiving end; (c) 2/; of way back from receiving end; (d) 3/5 of way 
back from receiving end; and (e) 4/5 of way back from receiving end 


Fig. 6. A-c transients on a laboratory smooth line 


Line was open at receiving end, and alternating voltage was 

impressed suddenly ats ending end. On each oscillogram one 

curve is the sending-end voltage; the other curve is voltage 

at: (a) receiving end; (b) center of line; (c) receiving end; 

and (d) center of line. In (a) and (b) the voltage was im- 

pressed near its positive peak; in (c) and (d) just before 
passing through zero 


OcTOBER 1935 


D-C SUPPLY 


TO SWEEP 
PLATES 


SWEEP CIRCUIT 
OSCILLATOR 
O O 


CATHODE 
RAY TUBE 


Fig. 7. Circuit used in recording one voltage and one 
current transient simultaneously 


transient. This is accomplished by short-circuiting 
the coils on alternate transients by means of disk 1 
on which bear a single pair of brushes. 

There is no definite limit to the number of curves 
that may be traced with apparent simultaneity on 
the oscillograph screen. The practical limitation is 
only the complexity of the control circuit and the 
crowding of the various curves on the relatively small 
screen. If 4 voltage curves are to be traced, one of 


Fig. 8. Timing 
disk and 4-wave 
switching disk 


the disks should be of the design shown at the right 
in figure 8. The sweep trip and initiating voltages 
are thrown on 4 times per shaft revolution. During 
each quarter revolution the oscillograph plates are 
connected to 1 of the 4 points whose potential varia- 
tions are to be recorded. If the voltages to be re- 
corded are not all connected to a common neutral, 
then an additional disk is needed for the second lead 
from each voltage. If there be a common neutral, 
the lead from this neutral may be connected per- 
manently to one of the deflection plates of the oscillo- 
graph. The left-hand disk of figure 8 is for the 
purpose of providing a convenient timing wave in 
the form of a series of rectangular steps. 
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Recent Electric Furnace 


Developments in Europe 


A summary of progress during 1934 and 
part of 1935 in electric furnace develop- 
ments in Europe has been prepared by 
D. F. Campbell, a leading authority on the 
electrometallurgical industry in Europe, 
at the request of the Institute’s committee 
on electrochemistry and electrometallurgy. 
The summary is presented herewith for the 
information of the Institute’s membership. 


By 
DONALD F. CAMPBELL* 


Electric Furnace Co., 


Ltd., London, England 


Evecrric furnace progress in 
Europe during the 12 months preceding April 
1935, has been characterized by steady development 
and improvement of types of equipment that had 
previously reached a stage of industrial application. 

In the iron and steel trade, metallurgical practice 
has been improved in the high frequency induction 
furnace, which is now being used on a large scale for 
quality refining, and the preparation of highly 
alloyed steels, in the principal steelworks of England, 
Sweden, France, and Belgium. Furnaces in general 
use vary in capacity from laboratory sizes to 5 and 
6 ton furnaces operated for high frequency generators 
of 1,250 kw. The generators are now generally of 
the inductor type, the wound rotor method of 
constructing these machines having been discarded, 
except in Germany. English, French, and Swedish 
constructors are manufacturing motor-generator sets 
having over-all efficiencies of about 88 per cent for 
1,250 kw sets, and 86 per cent for 400 kw sets, which 
shows a marked improvement on the older type of 
machines built formerly. 

The largest high frequency melting shop is that 
in the.steelworks of the Etabs. Jacob Holtzer, in 
France, where there are 2 sets of 650 kw, and 3 sets 
of 150 kw, with a number of furnaces of various 
sizes. 


AN UNUSUAL INSTALLATION 
FOR QUALITY REFINING 


The most interesting installation is probably that 
of Samuel Fox and Co. Ltd., near Sheffield, England. 
Important metallurgical advances have been made 


Especially prepared for ELecrricaL ENGINEERING under auspices of the A.I.E.E 
committee on electrochemistry and electrometallurgy. Manuscript submitted 
April 1935; released for publication May 15, 1935. 


* Member, Institution of Electrical Engineers, and Institution of Mining and 
Metallurgy. both of Great Britain. 
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in quality refining in this installation, the following 
description of which may be of interest. 


Furnaces of 2 and 5 tons are arranged for melting 


cold scrap, or molten metal by a duplex process. 

The motor-generator is placed in a separate sub- 
station 80 feet from the furnaces, the condenser plant 
being situated under the furnace platform. The 
alternator consists of 2 625-kw stators, with a com- 
monrotor. Each stator consists of 2 separate halves, 
and provision is made to prevent interaction between 
the magnetic circuit of one stator and the excitation 
winding of the other stator. It is thus possible to 
control the voltage of each of the circuits indepen- 
dently and operate 2 furnaces. simultaneously. 
When desired, the stators can be connected in series 
so that 1,250 kw can be applied to one furnace. 

The furnaces can be completely automatically, 
semiautomatically, or hand controlled, at will. 

A number of protective devices have been in- 
corporated in the equipment. Relays are provided 
to cut off the current if the water supply to the coils 
fails, and colored lamps indicate any failure of the 
water cooling supply to the machine bearings, or any 
undue heating of the equipment. 

The furnace bodies are arranged to be normally 
flush with the platform, and the provision of a special 
charging cylinder permits very rapid charging. Ina 
full day’s run, the current was only switched off for 
an average of 6 minutes per heat, which includes the 
time required for pouring and recharging the 2 ton 
furnace. 

In a recently published article, Doctor Swinden, 
chief metallurgist of United Steel Companies Ltd., 
of which Samuel Fox and Co. Ltd. is a member, 
states that in this plant sulphur can be removed more 
rapidly than in normal arc furnace practice, owing 
to the intense movement of the metal. This move- 
ment also provides an opportunity for microscopic 
particles to coalesce and rise in the liquid steel. In 
this way, the nonmetallic inclusions formed from the 
products of deoxidation can to a large extent be 
removed. Tests made on air-hardening nickel- 
chromium steel, nickel-chromium-molybdenum case- 
hardening steel, low-carbon chromium-molybdenum 
steels, and many others, show the very high quality 
of steel made by quality refining. Perfectly sound 
stainless steel, with only 0.05 per cent carbon, is 
being cast, and it is found that this steel withstands 
weld decay tests under conditions many times as 
severe as those stipulated in the government speci- 
fications. 


HicH FREQUENCY GENERATORS 


The output of high frequency generators used for 
steelmaking in Europe is now between 30,000 and 
35,000 kw. 

Larger furnaces have involved the use of higher 
voltages, owing to the large kilovolt-ampere rating 
of the inductor coils, and 2,500 volts has now become 
within the limits of standard practice. For small 
furnaces up to 1/, ton, frequencies of 500 cycles per 
second have been found to give conditions unsuitable 
for the best steelmaking practice, and higher fre- 
quencies are now specified for these small units. 
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For furnaces of 5 tons, periodicities of 800 to 1,000 


__ cycles per second have been selected. 


INDUCTION FURNACES 


Interesting attempts have been made to build 
induction furnaces with controlled movement of 
metal and slag. Extensive work was done at Hanau 
by Doctor Rohn, who has been responsible for great 
advances in the vacuum melting of metals and the 
working of heat resisting alloys of the nickel-chrome- 
molybdenum, etc., type. The induction furnace on 
which he has been working is a normal frequency, 
3 or 6 phase, hemispherical furnace giving an intense 
and controlled movement of the metal and slag, 


_ which opens interesting possibilities in metallurgical 


practice. Electrical power input is limited by 
constructional difficulties, and the speed of melting 
and heat control is accordingly strictly limited, and 
has retarded the commercial development of this 
interesting design of furnace, and, until these limita- 
tions are overcome, its commercial value cannot be 
considered established. 

In Sweden interesting work is being done with dual 
frequency furnace construction, in which normal 
frequency induction coils are used to control the 
movement of metal, while normal high frequency 
induction coils are used to maintain the heat and 
energy input that is required for rapid operation. 
It is expected that metallurgical reactions may be 
controlled better by this means, but the additional 
cost and the complication of the electrical apparatus 
are serious factors. The problem of maintaining 
the refractory linings for a sufficient period will, 


however, probably prove the determining factor in 


the success or failure of these new types of ironless 
induction furnaces with intense electrically-controlled 
movement of the charge. 


Arc FURNACE 


Are furnaces continue to find wide application, 
and many are now being built. The removable roof 
for rapid charging is being generally adopted, and 
greatly speeds up the charging time. There are no 
other substantial advances, and little improvement 
has been made in recent years in power consumption. 
Furnaces of large capacity, of about 30 tons, are 
used for refining liquid metal, but the difficulty of 
skimming these furnaces clean of slag makes the 
smaller units of about 10 tons generally preferred 
for the manufacture of the highest grades of steel 
from cold stock, and larger units are generally con- 
sidered of little advantage for this class of work. 

In the nonferrous trades, the Ajax-Wyatt, or 
furnaces of similar design, have become standard 
practice for melting in brass mills, and large units of 
2,500 pounds and 360 kva capacity have been 
developed, and give marked economy in labor and 
power, and some metallurgical advantages, owing to 
the mixer effect of the larger unit, when melting 
miscellaneous scrap. These furnaces are of the Ajax- 
Wyatt type, and are operated by 2 phase current 
obtained from standard 3 phase systems by a Scott 
connection on the furnaces. It is noteworthy that 
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this important improvement and economy does not 
seem to have been adopted in the United States. 


. RESISTANCE FURNACES 


A rocking resistance furnace has recently been 
introduced in France for the melting of bronzes and 
cast iron in small quantities for the manufacture of 
piston rings and similar special products. The con- 
struction of the furnace is generally similar to that 
used for the well-known horizontal rocking arc 
furnace, but, instead of heating by an arc, a graphite 
resistor is used and this is loaded sufficiently to heat 
the resistor to the required temperature. In fur- 
naces of 1,000 pounds capacity, for example, the 
resistors of Acheson graphite are operated at 2,000 
amperes per square inch. Special patented features 
are the terminals, arranged to prevent excessive 
loss of heat, and an arrangement whereby the power 
factor is maintained at a high value, even in the 
case of large furnaces. 

This system of heating was first used for the manu- 
facture of silica tubes, but it is now finding applica- 
tion in bronze foundries, where the Ajax-Wyatt 
furnace is unsuitable, owing to the continual changing 
of analysis of product and the small tonnages 
required. It is considered better than the horizontal 
arc furnace for certain applications, as there is no 
excessive heat to damage or volatilize the metals 
heated, and it is being installed by specialized iron 
foundries for small castings. 

The use of resistance furnaces is developing rapidly, 
especially for the heat treatment of aluminium alloys 
within narrow limits at low temperature, for the 
bright annealing of copper in controlled atmospheres 
by a dry process which gives a perfect finish without 
the risk of water stain, and in the many other metal- 
lurgical processes to which this equipment has been 
previously applied. The greatest progress in Europe 
during the past year has been made in the finer 
control of atmosphere in electric furnaces for heat 
treatment. 


HEAT RESISTING ALLOYS 


Progress in the manufacture of heat resisting alloys 
for high temperatures, and to resist sulphur, has 
resulted in the production of metals which can be 
worked continuously at 2,350 to 2,400 degrees 
Fahrenheit. These are chrome-iron-aluminium-co- 
balt alloys, without nickel. The use of alloys of 
this type is increasing, both for high temperature 
work, and also for domestic applications, where the 
low intrinsic value of the metals contained makes 
its use competitive with the standard 80/20 nickel- 
chrome alloys. 

In Europe, the metallurgical works of Great 
Britain and Sweden have worked generally to ca- 
pacity, and considerable technical progress has been 
made. In France, industry, other than government 
contracts, has been very depressed, and little money 
has been available for technical developments. In 
Belgium, where nearly 80 per cent of metallurgical 
industry works for export, trade has been bad owing 
to import restrictions and currency questions, while 
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in Germany research work has had a serious set- 
back, owing to the disturbance of works staff and the 
depression in many industries during the last year. 
The ironless induction furnace undoubtedly presents 
the greatest possibility of further development, and 
the experience now being obtained in Great Britain, 
Sweden, and Germany should result in a wider 
application of this interesting method of electric 


heating. 


Electrical 


Brush Wear 


An investigation of the effects of polarity 
and current density on the rate of wear of 
electrical brushes is reported in this paper, 
following a brief review of previous experi- 
mental work in this field. For carbon and 
copper impregnated carbon brushes the 
rate of wear of the positive brush is con- 
siderably less than that of the negative 
brush, while for metallic brushes the situa- 
tion is reversed. The rate of wear of me- 
tallic brushes was found to be much 
greater than that of carbon brushes, under 
conditions of these tests. While no com- 
plete explanation of brush wear can be de- 
rived from the results, the rate of wear seems 
to be related intimately to the conduction of 
current across the contact. 


By 
V. P. HESSLER 


ASSOCIATE A.I.E.E. 


lowe State College, 
Ames, lowa 


A CAREFUL SURVEY of the litera- 
ture on electrical brushes reveals little qualitative in- 
formation concerning electrical brush wear. Practi- 
cally all the investigations reported are concerned with 


A paper recommended for publication by the A.I.E.E. committee on electrical 
machinery, and scheduled for discussion at the A.I.E.E. winter convention, 
New York, N. Y., Jan. 28-31, 1936. Manuscript submitted Jan. 7, 1935; re- 
leased for publication June 20, 1935. 


The author wishes to acknowledge the assistance of P. D. Manbeck and J. A. 
Robinson of the National Carbon Company, which company supplied the 
brushes. 
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the effects of various operating conditions upon con- 
tact potential drops. 

Hunter-Brown! obtained 2 curves of electrical 
brush wear versus current density, which indicate 
that the negative brush (motor notation) wears at a 
greater rate than the positive brush, and that the 
rate of wear is approximately proportional to the 
current density. However, the points obtained are 
too few to justify a definite conclusion. 

J. S. Dean? made an extensive survey of the life 
of carbon brushes in d-c railway service. In this type 
of service the actual end wear of the brush is small 
compared with all the other factors that bring about 
deterioration of brushes. He found that high grade 
graphitized brushes on commutating pole motors 
with undercut mica, when subjected to end wear 
alone, would have a probable life of 200,000 car- 
miles. With modern medium grade carbon brushes 
on non-commutating pole motors with flush mica, 
the probable life due to end wear is 20,000 car- 
miles. Dean concludes that burning action is re- 
sponsible for most of the end wear. He gives 2 
extensive tables of the factors causing brush wear 
in railway service. These tables indicate that if 
good contact is maintained between the brush and 
commutator at all times, the rate of brush wear will. 
be low. 

Under conditions of very low humidity the rate of 
wear of metallic brushes on high speed converter 
rings often becomes excessive. Bracken? states that 
whole sets of brushes sometimes are worn out in 
from 30 minutes to 1!/, hours. This effect never has 
appeared on low-speed 25-cycle machines. He finds 
that rapid wear is likely to start when the absolute 
humidity drops below 1.25 grains per cubic foot. 

A series of tests was conducted by Baker‘ to deter- 
mine the effect of a hydrogen atmosphere upon elec- 
trical brush wear and commutation. In these tests 
a d-c machine was operated both in air and in an 
atmosphere of hydrogen with varying qualities of 
commutation. Two runs were made to determine 
the effect of humidity in a hydrogen atmosphere 
with poor commutation. The following conclusions. 
were drawn from the results of the tests: 

1. A well designed commutator machine will operate satisfactorily 
and give good brush life in hydrogen. 


2. Ifa brush must spark in hydrogen, the brush life may be in- 
creased many times by maintaining the relative humidity below 10: 
per cent. 


3. Carbon and graphite brushes cannot be operated upon a tool. 
steel ring in hydrogen. Particles of cementite (FesC) are formed 
which immediately begin to score the ring and the brush face. 

Perrier’ found that the rate of brush wear is in- 
creased with the oxidation, sulfuration, or chlori- 
nation of the ring surface. 

_ The foregoing items constitute most of the inves- 
tigations of electrical brush wear that have been re- 
ported. The scarcity of quantitative data indicated 
a real need for further investigation of electrical 
brush wear. Information on brush wear should be 
of value to the brush manufacturers and to designing 
and operating engineers. It also should aid in ex- 
tending or checking the present inadequate theories. 
of the sliding contact. It is for the purpose of ob- 
taining additional information of this character that 
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_ the investigation reported in this paper was under- 
taken. 


APPARATUS USED IN TESTS 


Details of the mechanical arrangement of the 
apparatus used in the tests reported in this paper are 
shown clearly in figure 1. The rings were carried on a 
145/;, inch shaft which rotated in self-aligning ball 
bearings. The rings were attached to the shaft by 
means of tapered sleeves with a sheet of 0.005 inch 
vulcanized fiber between the sleeve and the shaft 
for insulation. This arrangement held the rings 
securely to the shaft and gave sufficient insulation 
for all purposes of the tests. After completely as- 
sembling the rings, bearings, and bearing housings 
the complete unit was removed from the bearing 
hangers and mounted upon a lathe bed. The sur- 
faces of the rings then were turned with the shaft 
rotating in its own bearings. By this method the 
eccentricity of the rings could be kept below 0.0005 
inch. The translation of the brush caused by the 
eccentricity was measured with a dial micrometer 
attached to the vertical rod on the brush holder. 

Rings. Hard drawn electrolytic copper bar was 
rolled and brazed to form the slip rings. A special 
low temperature brazing metal was applied to a 
V notch in the joint on the inside of the ring, which 
joint barely was visible on the outer surface of the 
rings. These copper rings were pressed upon cast 
aluminum disks. The surfaces of the rings were 
polished carefully with commutator dressing stones 
and burnished with a beechwood stick. They were 
repolished in the same manner at intervals throughout 
the period of the tests. 

Brush Holders. The brush boxes consisted of 4 
pieces of 1/; inch brass soldered and pinned together. 
Considerable care was taken with the internal di- 
mensions to assure proper clearances between the 
brushes and the box; the boxes were one inch long. 
Details of the pressure arm mechanism are shown in 


Fig. 1. Brush holder and ring mechanism 
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Fig. 2. View showing air conditioning equipment 


figure 1. As the brushes wore away, the pressure arm 
was kept perpendicular to the brush by lowering the 
fulcrum. The brush pressures were adjusted with 
the aid of a balance and a pair of headphones, a 
click in the headphones indicating that the pressure 
arm had been lifted clear of the hammer plate. The 
reading of the balance always was corrected for the 
weight of the brush. The springs were continuously 
adjustable so that the brush pressure could be ad- 
justed to any desired value. 

Temperature and Humidity Control. The humidity 
control equipment is shown in figure 2. The box 
temperature was held constant by means of a thermo- 
static control. To maintain constant humidity air 
from the room was drawn into the blower at the lower 
left and was blown past a series of water spray nozzles 
in the tunnel, then through baffle plates to remove 
entrained moisture, next past a heater where the 
temperature was raised sufficiently to prevent con- 
densation in the tunnel, and finally through a group 
of air nozzles into the box. The water was forced 
through the spray nozzles by the centrifugal pump 
at the lower right and flowed back into the supply 
tank. Humidity control consisted of maintaining 
the water temperature at the dew point correspond- 
ing to the relative humidity and air temperature 
desired.* The relative humidity was measured with 
a wet and dry bulb hygrometer. 

Method of Measuring Wear. An attempt first was 
made to determine the wear by weighing the brushes. 
This method, however, was found to be impractical 
because of the variation of the absorbed moisture. 
The micrometer arrangement shown in figure 3 
then was developed, which gave excellent results. 
The bed plate was of invar and had an effective ex- 
pansion of less than 0.00002 inch for the maximum 
change in room temperature. To measure the length 
of a brush, it was placed in the V -block as shown; 
the micrometer head then was screwed in until the 
hammer plate of the brush made contact with the 
insulated point, as indicated by a click in the head- 
phones. 

Method of Measuring Contact Drop. The positive 
and negative contact potential drops were measured 
by means of the auxiliary copper leaf brushes shown 
in figure 1, which were lowered to the ring when- 
ever measurements were to be taken. They rode on 
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the middle of the ring between the positive and nega- 
tive brush paths. Auxiliary potential leads were 
soldered to the hammer plate rivet to eliminate all 
possible IR drops from the measurements, and the 
readings were corrected for the drop through the 
brush material. 

Brushes and Brush Circuit. The brushes were 1/2 
inch square and 2 inches long. The hammer plates 
and shunts were attached with spun tubular rivets. 
Some of the physical constants and the types of ma- 
terial of the brushes are given in table I. 

Ali brushes were connected in series, and the group 
was connected to a 110-volt d-c generator through a 
variable resistance. A low voltage generator was 
used originally, but it was impossible to hold the 
current constant because of the change in contact 
potential drop at the brushes. 


TEST PROCEDURE 


The brushes always were “‘run in” carefully before 
any measurements were taken. They first were 
sanded as nearly as possible to the curvature of the 
ring and then were run at approximately normal cur- 
rent density until the entire brush face made contact 
with the ring. Much less time was required and a 
better surface was obtained when the brushes were 
“run in’’ with current. 

When a satisfactory brush surface had been ob- 
tained, the ring was repolished and the brush meas- 
ured. The brush then was operated at a given cur- 
rent density for a sufficient time to give a measurable 
wear after which it was measured again. Readings 
were taken at each of several current densities. 
The rings were not polished during the time the 
metallic brush wear data were being taken. The 
positive and negative brushes were run on separate 
paths. Data for 4 different grades of brushes were 
obtained simultaneously upon the 4 rings. 

Before proceeding with the current density tests 
a series of tests was made to ascertain whether the 
values chosen for brush pressure, speed, and humidity 


Fig. 3. Special micrometer for measuring brushes. 
Cord at left connects to headphones 
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Table |[—Physical Characteristics of the Brush Materials 


Normal 


Resistance, Transverse Current 


Ohms per Strength, Density, 
Inch Hardness Lb. per Amp per 

Brush Cube (Scleroscope) Sq In. Sq In. Type of Material 
A....0.0020 a OO's ete ohare 3,600..... SO icwaeiere Electrographitic lampblack 
B,...0.00225 a ORG: radians 2,960..... (Boe Gig Electrographitic lampblack 
C....0.00106 seAOnecoees 355005 .\.:..2 AS Wena Carbon graphite 
D....0.00142 Beh sates 35500 Fi. a5. ai cierats Carbon graphite 
B25. 0 00000242. e i ca o' aystre 9 700% neers T5O WS oo Heavy metal graphite 
GeO ROO0O LO meres Giarare teva 4,000..... WOO) Nscerntevs Metal graphite 
H,...0.0000064 ....20...... 4,900..... L1U5ia crete Metal graphite 
Tiere OO00214 sch.) 35) tects 600025... S5ime ashe Copper impregnated carbon 


were critical as regards rate of wear. These tests 
indicated that any changes that were likely to occur 
in pressure, speed, or humidity would not have any 
appreciable effect upon the rate of wear. 

In the following discussion the brush in which 
the conventional current flow is from brush to ring is 
considered positive. 


CARBON BRUSH WEAR 


The data on carbon brush wear and contact drop 
versus current density are presented in figures 4 to 7. 
Each of the experimental points of contact potential 
drop shown in the figures represents the average of 
from 12 to 15 readings taken at intervals throughout 
the tests at a given current density; thus each point 
represents the mean value of contact drop for a week 
of continuous operation. There can be no doubt that 
the contact drop did decrease with increased current 
density. It must be remembered that contact drop 
is affected by other factors as well as by current 
density. 

A curve of contact potential drop versus current 
density obtained by increasing the current to its 
maximum value in a few minutes almost always will 
show an increase of contact drop with increased cur- 
rent; also any sudden increase in current always 
will result in an increased contact drop. If this were 
not true it would be impossible to operate brushes in 
parallel. For these instances of comparatively rapid 
change in current other factors affecting brush con-— 
tact drop are constant and the drop is determined 
by the current density. When the current density is 
maintained at a given value for a week, the brush sur- 
face, ring surface, and ring temperature assume a 
condition more or less characteristic of that current 
density. It is not understood very clearly just how 
the surface conditions affect the contact drop, but 
increased ring temperature brings about a decided 
decrease.’ Thus the decreased contact drop is the 
indirect effect of the increased current, which, un- 
fortunately, cannot be indicated on a 2 dimension 
diagram. 


METALLIC BRUSH WEAR 


The data on metallic brush wear and contact drop 
versus current density are presented in figures 8 to 11. 
The rate of wear of metallic brushes is so much 
greater than for carbon brushes that a measurable 
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Figs. 4 to 7. Rate of wear of carbon 
brushes 


Ambient temperature, 45 degrees centigrade 
Relative humidity, 50 per cent 

Brush circuit potential, 80 volts 

Ring speed, 3,500 feet per minute 

Brush pressure, 48 ounces per square inch 
o—negative brush x—positive brush 


Figs. 8 to 11. Rate of wear of metallic 
brushes 


Ambient temperature, 45 degrees centigrade 
Relative humidity, 50 per cent 

Brush circuit potential, 9O volts 

Ring speed, 3,760 feet per minute 

Brush pressure, 48 ounces per square inch 
o—negative brush x—positive brush 
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wear is obtained in a few hours. The heavy metal 
graphite brush F contains some lead. Shortly after 
the run was started the positive ring path assumed a 
grayish white appearance, which became more pro- 
nounced at the higher current densities. The brush 
also sparked badly at the higher current densities. 
This phenomenon did not appear at all at the nega- 
tive brush, which indicates that there must be some- 
thing akin to electrolytic action between the brush 
and the ring. Brush material J did not operate satis- 
factorily at either the positive or negative brush un- 
der the conditions of this test. Both ring paths 
blackened and the rate of wear was high. It has been 
learned since that this material cannot be used satis- 
factorily at the pressure used in this test. A few 
runs have been made at a higher pressure which in- 
dicate normal rates of wear. The curves are given 
here for purposes of comparison between carbon and 
metallic brushes. 


SUMMARY OF RESULTS 


The rate of wear of positive carbon brushes is low 
and is independent of current density below a critical 
value which varies with different brush materials. 
The rate of wear of negative carbon brushes is greater 
than that of the positive and is proportional to cur- 
rent density below a certain value; above this value 
there is a decrease in the rate of wear with increasing 
current density, followed usually by a sudden in- 
crease in the rate of wear as the current density is 
increased to excessive values. 

The rate of wear of positive metallic brushes is 
approximately proportional to current density, but 
for negative metallic brushes it is practically inde- 
pendent of current density to values considerably in 
excess of normal current density. The rate of wear 
of both positive and negative copper impregnated 
brushes is approximately proportional to current. 

In general, there is no consistent relation between 
the contact potential drop and rate of wear of elec- 
trical brushes. The copper impregnated brush, how 
ever, is an exception; in all the tests made on it 
the configurations of the contact drop curve and the 
corresponding rate of wear curve were similar. 

The fact that the rate of wear of positive metallic 
brushes is higher than that usually found in practice is 
ascribable to several causes: The normal current 
density of all of the brushes was exceeded. In some 
instances the ring speed was higher than the value 
recommended by the manufacturer for the particular 
grade of brush. All brushes were connected in series 
instead of being arranged in parallel groups as in 
practice; thus each brush carried the entire current 
continuously and could not shift the current to a 
neighboring brush during a moment of unfavorable 
contact. This last factor is known to affect the rate 
of wear, because a test with a brush circuit potential 
to 10 volts gave lower rates of wear than the test at 
90 volts. 

A rather thorough search of the literature revealed 
no theories regarding electrical brush wear. The 
variety of results obtained with different grades of 
brushes indicates that the physical characteristics 
of the brush materials have a decided effect upon 
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the rates of wear. Some of the physical properties 
of the brush materials used in these tests are given 
in table I. In any attempt to correlate the rate of 
wear with these physical properties, the carbon 
group would have to be considered separately from 
the metallic group. There seems to be some consist- 
ent relation between the rate of wear of the negative 
carbon brush and the hardness and resistivity of the 
brush materials, but no correlation between the 
strength and rate of wear. The metallic brush with 
the greatest strength showed the greatest rate of 
wear, whereas the opposite result might have been | 
expected. Apparently the strength of the brush does | 
not materially affect its rate of wear. To form defi- 
nite conclusions concerning the effect of the physical 
properties upon the rate of wear it will be necessary 
to obtain data for many different grades of brushes. 
Even so, it will be difficult to draw definite con- 
clusions because of the many factors that vary 
simultaneously. 

The pronounced polarity effect and the complex 
nature of the curves for the negative carbon brushes 
indicate that the rate of wear is connected intimately 
with the conduction of current across the contact. 
Material might be removed from the brush face by 
abrasion, combustion, or disintegration. The very 
low rates of wear at zero current show that ordinary 
abrasion does not account for more than a small 
portion of the total wear. Combustion might ac- 
count for a small portion of the wear. It would be 
instructive to mount a ring and brush in an enclosed 
space and measure the amount of carbon monoxide ~ 
and carbon dioxide produced. The quantity of these 
gases could not be very large, because one of the 
difficult problems connected with operating a brush © 
in a closed space consists of removing the carbon — 
dust from the atmosphere. Apparently the flow of 
current across the contact produces a disintegration 
of the brush surface. This disintegration might re- 
sult from thermal expansion resulting from the high 
current density at the discrete points of contact 
between the brush and the ring. However, it is not 
apparent how this action would explain the differ- 
ence between the rates of wear of positive and nega- 
tive brushes. It is evident that much more quanti- 
tative data, involving other factors of brush wear 
will have to be obtained before the final and complete 
explanation of brush wear is found. 
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Nonlinear Resistance Circuits 


A semigraphical method of solving for 
harmonics in the input current to a network 
containing any number of linear and non- 
linear resistances in any combination, when 
a sinusoidal voltage is applied across the 
network, is presented herewith. The treat- 
ment is restricted to nonlinear resistances in 
which the d-c volt-ampere characteristic is 
the same regardless of the direction of cur- 
rent. While the method has the errors in- 
herent in any graphical solution, the results 
indicate good accuracy with little labor. 


By 
THURSTON D. OWENS Case School of Applied 
MEMBER A.1.E.E. Science, Cleveland, Ohio 


Marions of solving for alternating 
currents and voltages in various parts of a network 
containing only linear elements are well known, and 
calculations for such a circuit usually can be made 
without great difficulty. The problem of the cir- 
cuit containing one or more elements that depend for 
their magnitude on the current flowing through them, 
is entirely another matter. Here mathematical 
expressions that characterize the nonlinear element 
or elements must be employed, which may cause the 
solution to become highly involved. Sometimies suit- 
able mathematical expressions cannot be found and 
recourse then must be made to experimental means, 
or to approximations which may be quite unsatis- 
factory. 

It is the purpose of this study to develop a semi- 
graphical method of solving for the harmonics con- 
tained in the input current of a 2-terminal resistance 
network when a sinusoidal voltage is applied across 
its terminals. The network may contain resistances 
of the linear and nonlinear types in any number or 
combination. The nonlinear resistances, however, 
will be restricted to those having the same d-c volt- 
ampere characteristic regardless of the direction of 
current through them. The material known com- 
mercially as ‘‘thyrite’’ has a characteristic of this 
type.4? A volt-ampere curve of a 2-terminal net- 
work containing a number of linear and nonlinear 
elements, subject to the foregoing restriction, will 
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be identical in the first and third quadrants except 
for the signs of the current and voltage. 

If a sinusoidal voltage wave be applied at the 
terminals of such a circuit, the current wave in 
general will not be a sine wave but will contain vari- 
ous harmonics. From inspection of the volt-ampere 
curve certain conclusions may be drawn regarding 
the nature of these harmonics. The current wave 
will pass through zero when the instantaneous volt- 
age is zero. The positive half of the current wave 
will be symmetrical around the 90 degree ordinate, 
and the negative half symmetrical around the 270 
degree ordinate. Furthermore, the positive and 
negative halves will be identical except for the signs 
of the ordinates. Such a wave may be represented 
by a Fourier series containing only sine terms of odd 
harmonics.*® 


THE Basic Circuit 


The circuit upon which the theory is based con- 
sists of a linear and a nonlinear resistance in series, 
with a sine wave voltage impressed across the ter- 
minals. The problem is to find the amplitudes of the 
current harmonics. 

Let the curve OA, in figure 1 represent the volt- 
ampere curve of the nonlinear element. The linear 
resistance will have the magnitude RK. For the in- 
stantaneous value of current OF, the voltage drop 
across the nonlinear resistance is FC. Adding the 
distance CD, which is the current multiplied by R 
to scale, gives the total instantaneous impressed 
voltage, FD or OB. If the line BC be drawn as 
shown, the tangent of the angle & is equal to R. 

Similarly, for another value of current OF’, the 
impressed voltage is OB’. The tangent of &’ is also 
R; therefore 6 and ®’ are equal. Thus to find the 
current corresponding to any value of instantaneous 
voltage, it is necessary only to lay off the voltage on 
the vertical axis and from this point draw a line 
parallel to BC or B’C’. The intersection of this 
line and the curve OA marks a point which, if por- 
jected to the current axis, determines the current. 
If the instantaneous voltage be a function of time, 
such as £ sin wt, then in a like manner any number 
of values of instantaneous current can be determined 
and plotted against time. This procedure actually 
is followed to obtain current waves for analysis by 


| 
Fig. 1. — Wolt- +t 
ampere relations fe Erinn eta 1A 
in a circuit con- | | 
taining a_ linear al if ae eh 
and nonlinear re- a5 Saat a ae 
sistance in series AMPERES 
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means of the harmonic analyzer. The results of 
these analyses are used for comparison in the nu- 
merical examples. To avoid the labor of plotting an 
accurate current wave and then performing an analy- 
sis the following method was developed. 

If a sinusoidal voltage, E sin wt, be impressed 
across the 2 elements in series, the current can be ex- 
pressed in the form 


4 = DI» sin mot (1) 
where 
Ge ang to halos are oe 


Equating the voltage drops, 
E sin wt = REI sin mat + TA» sin mot (2) 
where 


E = maximum value of the impressed voltage 

Im = maximum value of the mth current harmonic 

Am = maximum value of the mth harmonic voltage across the non- 
linear resistance 

R_ = value of the linear resistance 


At a time wt = 6, equation 2 becomes 

E sin 6; = RY» sin m6, + TAm sin mA, (3) 
Similarly, when wt = 4% 

E sin 6, = R2YIn sin m6, + LAm sin mb, (4) 


Thus a set of equations can be written for the angle 
ot =) 6,, where ~ = 1,2,3,4,...., Now if @ be set 
equal to 26;, 6; equal to 36,, and in general 0, equal 
to n6;, the set of equations with some rearrangement 
_ becomes 


E sin 6; — R2Im sin mi; = 
E sin 20, — R2Im sin 2m6, 


LAm sin m6, 
= LAm sin 2m, (5) 


E sin 16, — R&I sin nm), = TAm sin nm, 


The general term 2I,,sin wm6, is the instantaneous 
value of current in the circuit corresponding to the 
instantaneous value of impressed voltage, E sin 76,. 
The numerical value of the left hand member of any 
equation in group 5 is equal to the instantaneous 
voltage across the nonlinear resistaiice at a time when 
wt is equal to 76,. In general let 


My, = Esin nO; — REI» sin nmé; (6) 


The term M, is the voltage drop across the non- 
linear element when a voltage F sin 16; is impressed 
across the entire circuit. Thus, in figure 1, if the 
terminal voltage, E sin 46,, be represented by OB, 
then M, is represented by FC, and if OB’ represents 
E sin 30; then F’C’ is the value of M3. The other 
values of M, are found in a similarly from the curve. 

The value of 6, will be chosen as 15 degrees. As 
it is only necessary to work with !/, cycle, it follows 
that 90 degrees, measured on the fundamental, will 
be covered by 6 equations. Substituting equation 6 
in equations 5 and expanding, 


M, = Ay sin A; +- A; sin 30; + Mat cusme, se An sin 116; 

M3 = Ay sin 20; + A; sin 66; -+ ae Wee Ay sin 226, (7) 
M, = A, sin 60; + Az sin 186, a a aiickes Ay sin 660, 
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In these equations the 6 amplitudes, A). . % An, 
are the only terms that are unknown. Solving for 
A, by means of determinants, 


My, sin 301 MOG Bho iGo at eetiecy oe sin 116; 
M, sin 66; Mt rapatiak o:'e) (ot vole viele omens! 6 sin 226; 
Mes sits SO ne ee eae ree sin 330; 
/) M, sin 186; jacbta ty Oed Gade ote. a 4c sin 660; 

+ = Bian tes ett Done eae eke een cea sin 110; 
Sint Asin Qe sd okie eo oe oo sin 220, 
SItti3O)\ Sint O07 sees eee sin 336; 
Sin. OO, Siu SO te bvee oy aes eee ee sin 660, 


Let the denominator of this expression be denoted 
by D; on expanding, 


SITMOOleE enn sin 226, Sigs Oe eee sin 116, 

Sis OO een sin 336, Sin. OG mee ae sin 336; 

i 188 ee ie in 660 Sit SO ee sin 660 

A es M, sin 1 3 sin 1 ve cee 1 5 1 


In the foregoing expansion only the first 2 terms 
are shown. The remaining terms are similar in 
form. Since the angle @, has been chosen as 15 
degrees the determinants are constants and the multi- 
pliers of M, will be denoted by K with suitable sub- 


scripts. The solution for the A terms then can be 
written 

A; = KuiM, + KeyM, + KuM3+...... + KisMe 

A; = Ky M, + KyM2 + KyMg+...... + KoeMs (8) 
Ayn = KaM, + KeM2 + KeM3+...... + KeeMe 


From these equations the amplitudes can be calcu- 
lated by making use of the 6 scaled values from the 
curve and the coefficients. These coefficients are 
given in table I. 

If equation 2 be expanded and terms of like fre- 
quency equated, the following equations can be 
written: 


E=4A,+Rh; 0=A; = dels; 0 = An + RIn (9) 


Since a sinusoidal voltage wave is impressed, the 
amplitudes of the higher harmonics are zero. 
Solving equations 9 for the current amplitudes, 


lip Al —A aA. 
qT, = ers T3 = ort Deo) DS Ty =e wre (10) 
Example. Leta voltage e = 50 sin wt be impressed 


across the nonlinear resistance, as represented in 
figure 1, in series with a linear resistance of 20 ohms. 


Table I—Numerical Values of the Coefficients in Equations 8 


n Kin Kon Kn K4n Ksn Ken 
1....0.0863 O°1667- ce 0; 2357.00.» Os28Svanee OloeZ0mes 0.1667 
Te ve WAP RYE 0.3333... 0.2357... 0.0000...—0.2357 ...—0.1667 
3....0.3220 0.1667... —0.2357... —0.2887... 0.0863 ... 0.1667 
4....0.3220 ...—0.1667...—0.2357... 0.2887... 0.0863 ...—0.1667 
5....0.2357 ...—0.3333... 0.2357... 0.0000...—0.2357 ... 0.1667 
6.)...0,0863 ...—0,1667... 0.2357... —0. 2887. - 0.3220 ...—0.1667 
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Fig. 2. Volt- 
ampere curve il- 
lustrating general 
application of 

method 
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From the curve the following voltages are found: 


M, 
M, 


12.8 
24.3 


M; = 33.3 


M; = 43.2 
Ms — 44.2 


The amplitude of the first harmonic voltage across 
the nonlinear resistance is calculated from equation 8: 


A, = 12.8Ky tL 24.3K 19 + 33.3K 33 + 39.6K 14 +- 43.2K 15 oa 442K 16 


Taking the values of the coefficients from table I 
and performing the operations indicated, 


Ay = 45.71 
From equation 10 


_ 50 — 45.71 


he 
: 20 


= 0.2195 


In the same manner 


As = 12.8K2, + 24.3K2. + 33.3K03 + 39.6Ko + 43.2Ko5 + 44.2Ko5 
= 1.42 


Higher harmonics are found to be negligible. The 


current then may be expressed as follows: 
i = 0.2195 sin wt — 0.0710 sin 3et 


The corresponding solution obtained by means of 
the harmonic analyzer gives the following series: 


1 = 0.2184 sin wt — 0.0726 sin 3wt 
GENERAL APPLICATION OF METHOD 


The method outlined can be applied easily to more 
general circuits. While the restriction on the type 
of nonlinear resistances used in the circuit still must 
hold, there may be any number of linear and non- 
linear resistances, connected in any manner, between 
the 2 input terminals. Since any resistance in the 
circuit wili pass the same current irrespective of the 
polarity of a given voltage across it, the network as 
a whole will behave in a similar manner. 

Let the volt-ampere curve OC in figure 2 represent 
the relation between the terminal voltage and input 
current of a complex network as found by experi- 
mental means. The curve supplies sufficient in- 
formation for computing the current harmonics 
resulting from a sinusoidal impressed voltage, 100 
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sin wt. The problem here consists of finding a linear 


‘resistance and a nonlinear resistance that, when con- 


nected in series, will be equivalent to the complex 
network. In other words, each of the 2 circuits will 
have the same volt-ampere curve. If the equivalent 
circuit is used for computing the current harmonics, 
the problem is identical to that described in the pre- 
ceding section, and the same procedure may be fol- 
lowed. 

A great many equivalent circuits are possible. 
Let the line OA in figure 2 be drawn at any convenient 
angle @. This line may be considered the volt- 
ampere curve of an imaginary linear resistance Kk, 
which is equal to the tangent of @. For a current 
OB, the vertical distance AC from the straight line 
to the curve represents the voltage drop across the 
nonlinear resistance. Thus if BC is some definite 
value of voltage, & sin 56, for example, then AC is 
the value of M;. Other values of 1, may be found 
in a similar manner and the solution carried out as 
before. 

Curve OC in figure 2 is an arbitrary one designed 
to introduce some of the higher harmonics in order 
to check the accuracy of the method. The expres- 
sion for the current is found to be 


4 = 0.491 sin wt + 0.014 sin 3wt + 0.018 sin 5wt + 0.015 sin 7wt + 
0.027 sin Qwt 


The corresponding solution obtained by means of 
the harmonic analyzer gives 


2 = 0.488 sin wt + 0.0168 sin 3wt + 0.0132 sin 5wt + 0.0118 sin Tat 
+ 0.0288 sin Qwt 


ACCURACY OF METHOD 


While the method shown has the errors inherent 
in any graphical solution and also those resulting 
from the use of a limited number of points, the re- 
sults indicate a reasonable accuracy with little labor. 
If greater accuracy be desired, 0; may be chosen smaller 
than 15 degrees, say 9 or 7.5 degrees, thereby in- 
cluding more points. In this event, however, the 
table of coefficients would have to be recomputed. 

The amount of work involved in plotting a current 
wave against time and analyzing it is considerable, 
and if the values are obtained from the volt-ampere 
curve similar errors are involved. Experimentally, 
the curve may be obtained with an oscillograph and 
then analyzed. This method may be more accurate, 
but time and labor are large factors. 

It should be noted that the application of the co- 
efficients shown in table I is perfectly general. They 
refer to no particular curves or circuits. All non- 
linear resistances, however, must have volt-ampere 
curves that are symmetrical in the first and third 
quadrants. 
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The A-C 
Electrolytic Capacitor 


The electrolytic capacitor for alternating 
current is coming into increased use, having 
recently been introduced for the starting of 
small single phase motors. Little is known 
of the film upon which its operation de- 
pends, but the general construction and 
characteristics of the capacitor are reviewed 
in this paper. The need for the develop- 
ment of testing procedure that will lead to 
an improved product is pointed out. 


By 
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Te general principle of the electro- 
lytic capacitor is not new. It was investigated in the 
laboratory nearly a century ago, but its practical 
development awaited a commercial demand which 
first presented itself in the a-c radio receiver and 
later in the single phase motor. 

The principle of the electrolytic capacitor lies in 
the insulating film which may be formed by chemi- 
cal or electrochemical means on the surface of vari- 
ous metals of which aluminum is the most commonly 
used. This film with a thickness of the order of the 
wave length of light, has both high insulating value 
and high dielectric constant, so from these qualities 
it approaches an ideal dielectric. It does, however, 
have certain limitations. In spite of its high insu- 
lating value it permits en appreciable leakage cur- 
rent to flow as compared with other high grade dielec- 
trics. Moreover, the film must be operated in the 
presence of a suitable electrolyte. Attempts to 
place the film in direct contact with another metallic 
conductor, or to place 2 filmed surfaces together, 
result in prompt puncture of the film when voltage 
is applied. Hence in practice it is necessary to use 
some spacing material between the filmed surface 
and the other electrode, or—in a-c capacitors—he- 
tween the 2 filmed surfaces. The spacers commonly 
employed commercially in dry capacitors are gauze 
and paper, both specially selected for physical prop- 
erties and chemical purity. 
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FORMATION OF FILM 


The film is usually formed on the aluminum foil | 
by impressing positive potential on the foil while | 
passing it through a suitable electrolyte such as a 
water solution of borax and boric acid. The electro- 
lyte is in a metal container which acts as the cathode. 
About the film itself little is known. Next to the 
aluminum surface it is probably a very dense deposit 
of aluminum oxide which degenerates upward into 
a spongy amorphous structure, perhaps an hydroxide 
of the metal. ) 

The a-c electrolytic capacitor consists of 2 filmed 
aluminum strips placed together with spacers be- | 
tween, the entire assembly being rolled up concen- — 
trically. Suitable electrolyte is introduced either 
during or after the rolling. The film possesses the 
unique property of permitting charge, negative elec- 
trons, to flow only in the direction from metal to 
electrolyte. Hence by placing 2 filmed electrodes 
in series conduction current cannot flow through the 
2 in either direction, because the permeable direc- 
tion from metal to electrolyte for one film becomes 
the impermeable direction from electrolyte to metal 
for the other film. Thus a true a-c capacitor is 
formed since there is no flow of conduction current 
through it (neglecting a small leakage current). 

At any given instant the charging current of the 
capacitor consists of the capacitance current of one 
filmed electrode only. The other filmed electrode 
acts merely as a conductor and could momentarily 
be replaced by an unfilmed electrode without in any 
way affecting the instantaneous performance of the 
capacitor as a whole. With the reversal of direction 
of current flow on the next half cycle, these functions 
of the 2 electrodes are reversed or interchanged. 


VOLTAGE RELATIONS IN 
A-C ELECTROLYTIC CAPACITORS 


Since negative electrons flow freely through the 
film in the direction metal-electrolyte but not in the 
direction electrolyte-metal a very interesting condi- 
tion of potential develops.! Starting with a com- 
pletely discharged capacitor when all parts are at 
the same potential, an alternating voltage is applied 
to the electrodes. At the instant of application nega- 
tive electrons flow into the negative electrode. The 
film being permeable to negative charges in the metal- 
electrolyte direction these negative charges pass 
freely through it into the electrolyte through which 
they are conducted ionically to the surface of the 
other electrode. There they are stopped by the 
film which is impermeable in the electrolyte-metal 
direction. This group of negative charges thus com- 
prises the total charge Q of the capacitor. They con- 
stitute a bound charge at the surface of the positive 
film so long as the capacitor voltage is unchanged. 

As the alterating voltage wave falls to zero, the 
charge is no longer bound to the surface of the film 
since both electrodes are now at the same potential. 
The charge in the electrolyte, being free, tends to dis- 
sipate itself in the external circuit. It is restrained 
from doing so, however, by the impermeability of 


1. ,For numbered reference see end of paper. 
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_ acquired during the first half cycle of voltage. 


both films in the electrolyte-metal direction. Thus, 
the electrolyte permanently retains the entire charge 
This 
entire discussion neglects the leakage current - the 
film which will eventually discharge the electrolyte.) 

Since, as has been shown, the electrolyte retains 
its full charge at the zero point of the voltage wave 
it is obvious that an equal and opposite charge must 
appear on one or both electrodes. However, the 
potential difference between the 2 electrodes being 
zero, this charge must be equally distributed between 
them. The important point is that its total magni- 
tude is the same as when the capacitor was fully 
charged. 

As the impressed voltage on the second electrode 


- now reaches its maximum negative value no addi- 


tional electrons flow from the negative electrode into 
the electrolyte, because the latter already possesses 
a complete charge for the particular maximum value 
of voltage. At the same time all the negative charge 
in the electrolyte has accumulated at the surface of 
the opposite electrode, which has now acquired a full 
positive charge. 

Thus it is seen that on alternating current the 
charge of the capacitor is pumped by the generator 
alternately from one electrode to the other and simul- 
taneously the charge in the electrolyte which equals 
the charge Q of the capacitor is flowing back and 
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Fig. 1. Ideal voltage-time relationships in a-c 
electrolytic capacitor with 110-volt 60-cycle sine 
wave 


forth through the electrolyte from one electrode to 
the other. The curves shown in figure | illustrate 
graphically this action. It may be observed that 
the electrolyte potential slides down along the first 
voltage wave to the latter’s maximum negative value 
where it remains, and that neither electrode ever 
becomes negative as regards the electrolyte. This is 
a theoretical discussion only, and is not based upon 
actual voltage measurements which will vary some- 
what from the curves. A grasp of the principle 
involved, however, is necessary to a clear concep- 
tion of the various phenomena encountered in elec- 
trolytic capacitors. 


PowER LOSSES IN ELECTROLYTIC CAPACITORS 


Since as has been shown the entire charging cur- 
rent of the capacitor flows from plate to plate through 
the electrolyte at each reversal of potential, it would 
be expected that this flow would result in a power loss 
I?R where R is the ohmic resistance of the electrolyte. 
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The current density in the electrodes or foil varies 
with its distance from the terminal, being the full 
charging current of the capacitor at the terminals 
and zero at the opposite end. By integrating the ex- 
pression 


s (3 4 2f2C2, V2WR,(10 38) X 2dx 


oo 
0 t 


we can determine the power loss due to conduction 
in the foil, where 


Px = total losses in watts in both electrodes 

F = frequency of voltage in cycles per second 

Cy = capacitance in microfarads per square inch of one electrode 
V = root mean square value of impressed potential in volts 

W = width of electrode in inches 

R, = resistivity of electrode material in microhms per inch cube 


l 
t 


length of a single electrode in inches 
thickness of electrode in inches 


For foil electrodes 0.002 inch thick, 3 inches wide, 
153.8 inches long and possessing a capacitance of 
1/, microfarad per square inch, these losses prove to 
be about 0.4 watt when 110 volt, 60 cycle potential 
is impressed across the capacitor terminals. 

By a simple computation based upon an electro- 
lyte resistivity of 1,000 ohms per centimeter cube, 
it is found when the foregoing potential is impressed 
that the power loss in the electrolyte of this capacitor 
is approximately 0.1 watt. This is based upon an 
electrolyte thickness of 0.004 inch, as would exist 
when 2 0.002-inch paper spacers are employed. 

The sum of the total electrode and electrolyte 
losses is thus 0.5 watt. Assuming a film leakage at 


oll 


Fig. 2. Variation 
of power loss with 
60 cycle voltage 
in a 110-micro- 
farad 110-volt 
paper-spacer ca- 
pacitor at 25 de- 
grees centigrade 


100 


120 140 


i10 volts of 9 milliamperes, which is a fairly high 
average value, one additional watt loss is allocated. 
Thus all the accountable losses aggregate less than 2 
watts. 


OTHER LOSSES 


Actual tests show that the losses so computed com- | 
prise less than 10 per cent of the entire losses in the 
capacitor. The nature of the additional losses is 
not definitely known though their existence has 
long been recognized. The authors, however, dis- 
covered that these losses increased with the voltage 
applied to the capacitor more rapidly than a square 
law would predict. Also, there seemed to be a defi- 
nite rule governing this increase. It was first ob- 
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served that doubling the voltage increased the losses 
in the capacitor about 5 times. These figures are 
all based on voltages not exceeding the formation 
voltage of the foil. 

Comprehensive tests on foils formed at various 
voltages were conducted. Characteristic data are 
plotted on rectangular co-ordinate and logarithmic 
paper, respectively, in figures 2 and 3. The capaci- 
tance ratings given in the figures are actual values. 
In all these capacitors the effective area of each anode 
per microfarad is 9.2 square inches for 220 volt 
rating, 4.6 square inches for 110 volt, and 3.2 square 
inches for 75 volt. 

The foil in the 75 volt units is formed at 115 volts 


direct current, while the 110 volt and 220 volt units | 


employ 165 and 330 volt formation, respectively. It 
will be noticed that the curves on logarithmic paper 
are straight lines, which indicate an equation with a 
definite exponent. Computation shows this expo- 
nent to be between 2.42 and 2.5 for various samples 
tested. 

The expression for the losses in a capacitor at any 
voltage may then be written as 


P = KE*s 


where K is a constant for the particular capacitor de- 
pending upon its capacitance, power factor, and tem- 
perature. 

Curves are shown for 3 different capacitors, A, B, 
and C in figure 3, all of which are parallel, indicating 
the same exponent. The horizontal displacement of 


A. Paper spacer, 
standard electrolyte, 
110 volts, and 110 

microfarads 


B. Gauze spacer, 
special electrolyte, 
110 volts, and 119 

microfarads 


POWER, WATTS 


C. Paper spacer, 
standard electrolyte, 
75 volts, and 124 

microfarads 


D. Gauze spacer, 
standard electrolyte, 
290 volts, and 55 

microfarads 


10 20 30 4050 100 
VOLTS 


200 300 


Fig. 3. Variation of power loss with 60 cycle volt- 
age in a-c electrolytic capacitors at room temperature 


the several curves represents varying values of the 
_ constant K. These 8 curves are all at room tem- 
perature, about 25 degrees centigrade. 

It was realized, however, that at different tempera- 
tures the exponent of the equation might change, or 
the curve might even depart from a straight line in 
which case the equation would be inapplicable. 
That K would change with temperature was a fore- 
gone conclusion. To cover these possibilities, the 
same capacitor that gave curve A, figure 3, was again 
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tested at 60 degrees centigrade and at —18 degrees 
centigrade, and the respective curves are shown as 
A; and A), in figure 4. To all intents and purposes 
these 3 curves are absolutely parallel. The expo- 
nent becomes 2.49 in every case within the limits of 


Fig. 4. Variation 
of power loss with 
60 cycle voltage 
in a 110-micro- 
farad 110-volt 
paper-spacer ca- 
pacitor at differ- 
ent temperatures 


Curve A at 25 de- 
grees centigrade 


Curve Ai at —18 
degrees centigrade 


Curve An at 59 
degrees centigrade 


POWER, WATTS 


200 300 


error of the graphical method employed. The con- 
stant K shows the expected variation. This con- 
stant, incidentally, can be read directly for various 
temperatures from a properly scaled power-tempera- 
ture curve of the capacitor being investigated. 

Capacitors rated from 75 volts to 220 volts were 
included in the foregoing studies, as well as samples 
with entirely different types of electrolytes, and in 
no case was the exponent found to vary outside the 
limits set forth. These different electrolytes were all 
of the so-called paste type as commonly used in dry 
electrolytics and employed an ammonium borate 
base but the solvents differed, resulting in a range of 
resistivity of from 200 to 1,000 ohms per centimeter 
cube. 

As soon as the formation voltage of the foil is 
exceeded the curve takes a steeper slope upward 
showing that the losses increase more rapidly than 
the above exponent indicates. Whether this portion 
of the curve continues as a straight line is not known. 
Capacitors are not customarily operated above their 
formation voltage so it was not deemed of practical 
value to investigate this area too extensively. It is 
interesting to note, however, that in curves A and C, 
figure 3, the portions above the formation voltages 
are parallel. These 2 capacitors employ electrolyte 
of the same basic composition. Curve B assumes a 
definitely different slope above its formation volt- 
age. This capacitor was built with an electrolyte 
in which another solvent was substituted for the 
ethylene glycol used in A and C. This solvent is 
not in the polyhydric alcohol group asis glycol. The 
resistivity of electrolyte B is far lower than that of 
A and-C. 

It is worthy of note that in this investigation of 
power loss at different voltages capacitors were 
built with radically different electrolytes; both 
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Table I—Temperature Distribution in Capacitors 


Temperature, Degrees Centigrade 


With Gauze Spacer With Paper Spacer 


Time 
Hours A B 0) Can A B Cc Can Room 
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Leone tS 47 ALE Ure donee kok 50 ..47 TAO ens Ae 35 
2 Onn OS .52 FOU SEER OO ac Ooe ae be 549 8bi 41 re OD s4 
USeO. O05. .09 .57 EA O20, a O9 .O7 1.40.8 5 01 


Thermocouple A wasin the inner turn of the capacitor winding, B in the middle 
of the winding, and C in the outer turn. 


gauze and paper spacers were employed; electrodes 
formed over a wide range of voltages were used and 
all these units were tested at an extreme range of 
temperatures. Yet, in spite of varying all these 
factors the exponent of the equation remained fixed. 
It seems an unescapable conclusion, therefore, that 
this exponent is an inherent function of the electro- 
lytic film itself and arises from the molecular struc- 
ture and functioning of the latter. 


TEMPERATURE GRADIENTS IN 
ELECTROLYTIC CAPACITORS 


The life of an electrolytic capacitor is dependent 
definitely upon its internal operating temperature. 
This fact is recognized generally and is illustrated 
forcefully by the following experiment. A standard 
paper spacer electrolytic tested at room temperature 
with a certain number of line voltage applications 
per hour lasted for about 1,500 hours. Tested simi- 
larly in a 60 degree centigrade oven it lasted about 
120 hours—approximately 1/1) as long. 

The importance of this internal temperature on the 
life of the capacitor has led to a study of the relative 
temperatures on gauze as compared with the more 
recent paper spacer capacitors. The argument has 
gained wide credence in the industry that since the 
paper type of a given capacitance occupies a smaller 
can than the gauze type it must, due to the smaller 
radiating area, run hotter inside. Obviously this is 
fallacious since radiating area is only one factor. 
Others equally important are thermal conductivity 
of the materials and the length of the conducting 
path. The latter is necessarily shorter in the smailer 
can. Conductivity of paper, however, may be less 
than of gauze. ' 

Capacitors of both gauze and paper and of iden- 
tical capacitances were built with thermocouples em- 
bedded in the inner and outer turns of the winding, 


and a third half way between them. Table I shows 


the actual temperatures as measured with the above 
arrangement. The capacitors were excited with 
rated alternating voltage for 3 seconds out of each 20 
seconds until thermal equilibrium was attained. The 
greater part of the temperature rise occurs in the 
first 2 hours. The interesting point, however, 1s 
that the temperatures at the various points in the 
paper and gauze capacitors are practically identical ; 
the slight discrepancy might easily be due to the 
difference between individual capacitors. The differ- 
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ence in can temperatures is to be expected since the 
same number of watts is being radiated from sur- 
faces of different areas. 


CAPACITANCE-TEMPERATURE STUDIES 


In certain applications capacitors are subjected to 
extreme temperature ranges. Used as a motor 
starter outdoors the capacitor should operate down 
to —40 degrees Fahrenheit, while in the summer on 
a similar installation the unit might be raised by the 
motor heat to as high as 125 or 150 degrees Fahrenheit. 
While the average electrolytic has behaved fairly 
well at the higher temperatures, its capacitance falls 
off very rapidly at low temperatures of about 0 de- 
grees Fahrenheit and below. 

The authors have attempted to develop a capacitor 
which would have a much flatter capacitance-tem- 
perature curve. The curve of figure 5 shows the 
results. Over a range of 125 degrees centigrade the 
reduction in capacity down to minus 50 degrees 
Fahrenheit was less than 25 per cent. This.is only a 
fraction of the usual reduction in capacitance here- 
tofore found in this type of capacitor. It is rather 
surprising to note that the points in figure 5 practi- 
cally fall on a straight line, the maximum deviation 
being less than 4 per cent. The curves of similar 
temperature range previously published have ap- 
proached hyperbolic shape. It is possible of course 
that these capacitors will exhibit a similar curve if 
the temperature is sufficiently reduced but the range 
explored more than covers the practical working 
range. 

Based on the straight line function of figure 5, 
the change in capacitance per degree centigrade from 


Fig. 5. Variation 
of capacitance 
with temperature 
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room temperature is 0.23 per cent or roughly 0.2 
per cent. Then the following capacitance formula 
may be written: 


Ct = Cr [1 + 0.0023(¢ — T)] 


where 
T = temperature at which the capacitance is measured 
t = temperature at which the capacitance is desired 


Cp and C; are the capacitances at these respective temperatures 


These tests were conducted at 2 widely separated 
times by different technicians, and 6 individual 


1061 


capacitors were tested. As a final check the capaci- 
tors were placed overnight in a commercial cold 
storage room at —18 degrees centigrade. Results 
of all these tests coincided very closely. 


LIFE STUDIES OF ELECTROLYTICS 


The average user probably lacks a complete reali- 
zation of the vast variations in life of electrolytics 
resulting from almost uncontrollably small changes 
in materials or technique of design and manufacture. 


Fig. 6. Compari- 
son of accelerated 
life tests of sev- 
eral makes of com- 
mercial _electro- 
lytic capacitors for 
motor starting 

service 


All capacitors have 
paper spacers and 
are rated 110 volts 
and 100 microfarads 


LIFE IN HOURS 
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Even the best manufacturers in the industry find 
their ingenuity severely taxed to design capacitors 
so that they may be built with uniform life and then 
to control the manufacturing processes closely 
enough to secure this essential end. 

It has been the experience of the authors based 
upon rather careful and searching investigation that 
correct elements in the design are vital to a uniform- 
ity of long life. If these design factors are lacking 
it is impossible to maintain materials and processes 
within sufficiently close limits to prevent wide varia- 
tions in life of the final product. Obviously there is 
little advantage in having one third of a group of 
capacitors last 10 years in service if another third 
fails in one year. It is much better that they all run 
about the same length of time even though it may 
be less than this maximum. 

For the purpose of illustrating these points a 
graphic presentation of life studies of various makes 
of commercial electrolytic capacitors is made in 
figure 6. Three capacitors of each of various leading 
makes were tested. All these capacitors employ 
practically identical materials in their fabrication. 
It may be argued that 3 capacitors are not enough to 
give an accurate picture; however, the authors be- 
lieve this is not true in this case where it is the uni- 
formity rather than the average length of life which 
is of primary importance. The life of make A was 
of such fleeting duration as to require no comments, 
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Make B shows no particular merit either as to uni- 
formity or length of life. Make C is highly inter- 
esting in that it contained one unit which displayed 
a materially longer life than any other of the 15 
capacitors charted; yet another unit of this make 
failed earlier than any unit shown excepting make A. 

This emphasizes the point of the preceding dis- 
cussion as to the necessity of designing uniformity 
into the capacitors. Based upon his design this 
manufacturer finds it impossible to control his manu- 
facture adequately to secure uniformity. If he 
could duplicate uniformly the best of these 3 capaci- 
tors the product would be outstanding. 

Make D consists of 2 groups which differ slightly 
from each other in technique of manufacture. Al- 
though one group has a life about twice the other 
they are both good from this standpoint. They are, 
however, noteworthy from the angle of uniformity, 
since all units in each group failed within less than 
10 per cent of the same time. 


STANDARD TESTING PROCEDURE NEEDED 


In spite of the value to the industry of some of the 
laws developed in this paper, the authors fully realize 
the insignificance of this contribution compared with 
the vast amount of fundamental investigation which 
remains to be done before engineers can profess any 
real knowledge of the subject of electrolytic capaci- 
tors. 

While a product satisfactory for certain applica- 
tions is available there are many potential uses which 
the manufacturer cannot satisfy today. Continu- 
ous a-c duty is one of the most common. It is hoped 
that before long the work being done by various 
manufacturers may realize this particular result. 

Even on the question of accelerated life testing of 
the finished capacitor for a single type of application 
there is wide disagreement, which imposes hardships 
on both manufacturer and customer. The develop- 
ment of a satisfactory standard method of test would 
be a boon. It is the clear duty of the manufacturers 
to aim at such an objective. 

Several large users of a-c electrolytic capacitors 
have voluntarily expressed their readiness to adopt 
any accelerated life test which might be agreed upon 
by the capacitor manufacturers. Unfortunately, 
the authors do not feel prepared at this time to sug- 
gest any such standard. While they have employed 
at various times and for various purposes several 
testing procedures, no one of these seems to possess 
every desirable feature of all of them. 

One test commonly employed is the imposition of 
about 115 volts at 60 cycles for 3 seconds out of each 
20 seconds. A variation of this test for use on motor 
starter capacitors is the introduction in series with 
the capacitor of an impedance duplicating that of the 
motor on which the capacitors are to be used. Other 
tests consist of one or 2 excitations per minute of one 
second duration each, either with or without im- 
pedance in series. Finally, the capacitor may be 
tested by actually using it to start a motor loaded or 
unloaded. In this case from one to 10 starts a min- 
ute may be employed. The disadvantage of the 
slower tests is that they require too long an elapsed 
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period to test the units to failure, and thereby ob- 
tain the desired answer. 

It is the hope of the authors in presenting this 
paper that by giving to the profession the results of 
_their research a better understanding of the underly- 
ing problems may be brought about. It is upon a 
fuller grasp of these basic facts that the fullest de- 


A Static Thermionic 


Tube Frequency Changer 


A 300 kva, synchronous type, 60-25 °/, 
cycle static frequency changer, which was 
designed to be changed to a rectifier after 
the 25 cycle motor load has been replaced 
by 60 cycle motors, is described in this 
paper. The problems involved in the de- 
sign of the control circuits are discussed 
in some detail, and the performance is 


described. 


‘Wie versatility of thermionic tubes in 
various types of service is illustrated by the static 
frequency changer described in this paper. An 
industrial plant in New Jersey (New York Ship- 
building Corp., Camden) generates its own power 
for a load consisting principally of 60 cycle and d-c 
motors and it was desired to replace by more ef- 
ficient equipment an engine driven generator supply- 
ing power to a few hundred horsepower of 25 cycle 
motors. It was anticipated that during the next 
few years these motors would be replaced gradually 
by 60 cycle motors and there would be no further 
need for the new 25 cycle generating equipment. 
During certain periods of the week the demand for 
d-c power is considerably less than the capacity of 
the smallest generating unit in the plant so that an 
efficient source of a few hundred kilowatts of d-c 
power would return an appreciable saving. A 
static frequency changer was finally chosen which 
uses 12 grid-controlled mercury vapor tubes and 
delivers 300 kva at 220 volts, 2 phase, 25 */; cycles, 
from a 2,300-volt 3-phase 60-cycle source. When 25 
cycle power is no longer required, the 60 cycle trans- 
former windings will be reconnected for a lower 
secondary voltage, a portion of the control equip- 
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velopment of electrolytic capacitors for the entire 
range of present and future industrial applications 
must depend. 
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ment will be disconnected, and the apparatus will 
be available as a rectifier with an output of 300 kw 
at 250 volts. 


POWER CIRCUIT 
The frequency changer coinprises 2 single phase 
conversion circuits whose outputs are displaced 90 


electrical degrees. A network was chosen which 
affords maximum apparatus economy consistent 


_ 3-PHASE 
"60-CYCLE 
SUPPLY 


GROUP A 


GROUP 8B 


ee) 


25 5/7 CYCLE OUTPUT 


Fig. 1. Elementary diagram of a 3 phase to single 
phase frequency changer 


with subsequent conversion to a rectifier circuit. 
Figure 1 shows the elements of one 3 phase to single 
phase power circuit. Assuming a resistance load, if 
groups A and 8B are fired alternately the output 
voltage will alternate and will have a frequency de- 
pendent upon the number of tubes fired consecutively 
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in each group. In the present case 3 tubes are fired 
consecutively for each half cycle, resulting in the 
output voltage and current shown by figure 2a. 
Next consider the case in which the load is purely 
reactive and, for s mplicity, assume there are suf- 
ficient filters in the output circuit to permit only the 
fundamental current to flow, as shown by figure 20. 
Tube 2A fires when its phase voltage is a maximum, 
conducts for 60 degrees (referred to the input 
frequency) and transfers the current to tube 34. 
With a resistance load, tube 3A would conduct for 
150 degrees after which tube 3B would fire. In 
this case, however, the current is a maximum at this 
time, and group B cannot conduct until the current 
in group A has become zero. The potential of 
phase 3A opposes the flow of current after the 150 
degree point and gradually reduces the current, but 
at the end of another 150 degrees the current is still 
not zero, so the current is transferred to tube 14 
which reduces the current to zero in 60 degrees. 


1A 2A 3A 


2A 3A IA 3A IA 2A 
/\. 


3B 1B 2B 1B 2B 3B 


(b) 


Output currents and voltages 


2B 3B 1B 


hides: 


a—Output current and voltage of a frequency changer with 
a resistance load 
b—Output current and voltage with reactive load and 
sufficient filter to prevent all but the fundamental current from 
flowing 


Fig. 3. Sec- 
ondary wind- 
ings of input 

transformer 


It will be seen that the output voltage is the same 
whether tube 14 or tube 1B is conducting, so as 
soon as tube 14 ceases to conduct tube 1B is fired. 

Current is transferred from tube 3A to tube 14, 
in the above discussion, by phase commutation. 
Current must be transferred from 3A to 1A early 
enough for 3A to deionize before the anode again 
becomes positive. This time will increase with the 
load. 

For any intermediate power factor and with cur- 
rent waves having higher harmonics the current 
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transfer between groups A and B will occur in a 
similar manner: (a) the load current must be zero at 
the time of transfer; (b) the current always transfers 
to an anode 180 degrees out of phase with the last 
conducting anode; (c) when the power factor is very 


Pieeient 


“F THIRD 
Zale 


Fig. 4. An impulse trans- 
former 


PRIMARY 


low a transfer of current by the method used in the 
phase commutated inverter is necessary. 

The actual windings of the input transformer 
secondary are shown by figure 3, where C and D 
refer to the second converter circuit. 


CONTROL CIRCUIT 


Four parts are necessary for the control circuit: 
(1) grid excitation for the tubes when supplying 
power; (2) grid excitation when regenerating; (3) 
a means for firing only 3 consecutive tubes in each 
group; (4) a means to prevent firing any tube in 
one group until the current has become zero in the 
other group. Of the several methods which have 
been proposed, a circuit using “impulse transformers”’ 
has been selected. 

In this paper the term “impulse transformer’’ 
refers to a transformer which, when excited by a 
sinusoidal primary voltage, has a sharply peaked, 
nonsinusoidal secondary voltage. Figure 4 is a 


Table I—Harmonic Composition of Output Voltage and 
Current 


Order of Harmonic 


Quantity 1 3 5 Vf 9 


Noloadkvoltagenn.% suse she 10005. 2-20.08 sec OT FS6 sae OU Zee 0.041 
Voltage, 

1695 sload'0'60 pafine.sa aoa OOO naa Ona 75 ae ee O=166a ee 0.108.....0.060 
Voltage, 

1007 nload!O;76"p) ft. see 1000735. OF 93) rare Oe Ow cnr 0.108 

Output current, 

157% load'O:60ip; fa. esters LP 000n.08- 223m OFaO4e ee ORL69 See 0.096 
Output current, 

100% load 0.76 p. f........ 1000 mee, On52 een 0.266.....0.142 


sketch of a simple impulse transformer with one 
secondary winding. The primary flux passes through 
2 parallel paths, /; and 2, when the density is low, 
and as the reluctance of F is less than the reluctance 
of F, a relatively large secondary voltage is induced. 
After F, has saturated, however, most of the flux 
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60-CYCLE 
SUPPLY 


60-CYCLE 


ke 3 
{4 2554 CYCLE 
1. 2-PHASE SUPPLY 
x ; 


Fig. 5. Schematic diagram of power and control circuits 


1a—Power control impulse transformer secondary 
1b—Hold-off coil 

1c—Frequency control coil 

1d—Primary coil 

Qa—Regenerative control impulse transformer secondary 
Qb—Phase advancing coil 

Qc—Primary coil 

3—-Output frequency control circuit 


passes through /, and the rate of change of flux 
through F, is small. If a constant direct current is 
passed through another coil wound on /;, the time 
at which the peak of voltage occurs will be different 
because the core density will be zero at a different 
time; by varying the magnitude and direction of this 
direct current the time at which the peak occurs can 
be changed +90 degrees. 

If the number of ampere turns in the third coil is 
slightly greater than the number of primary ampere 
turns, no secondary voltage will be induced because 
the core will be saturated continually. Now assume 
that the current in this third coil varies in some reg- 
ular manner. The flux through F; will be the sum of 
the fluxes induced by the primary and the third coil, 
and a peak of secondary voltage will occur when the 
resultant flux does not saturate /%. 

As it is necessary to supply excitation to each tube 
at 2 different times, 2 impulse transformers are 
necessary for each tube. The one supplying excita- 
tion for power control has a primary coil, a secondary 
coil, a frequency control coil, and a hold-off coil, the 
latter 2 surrounding F;. The frequency control coil 
receives pulses of direct current at the required out- 
put frequency; the hold-off coil is in series with the 
output transformer primary winding associated with 
the group of tubes opposite to the group in which the 
tube under consideration is placed. The impulse 
transformer supplying excitation for regeneration has 
a primary coil, a secondary coil, and a phase advanc- 
ing coil, the latter surrounding /;. The phase ad- 
vancing coil is in series with the half of the output 
transformer primary associated with the tube under 
consideration. Figure 5 is a schematic diagram of 
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(5) 


5 


Fig. 6. Voltages and currents when supplying power 
to an induction motor 


a—Phase voltage associated with tube 14 

b—Output frequency control voltage 

c—Output frequency control current 

d—Grid excitation. P is the power excitation and R is the 

regenerative excitation. The dotted lines show the position 

of regenerative excitation when unaffected by phase advanc- 
ing currents 

e—Output voltage 

f—Output current to an induction motor load 

g—Current in hold-off coil 

h—Current in phase advancing coils 

i—Current in common neutrals of groups A and B 

j—Anode-cathode voltage of tube 1A 


POWER CONTROL 
IMPULSE 
TRANSFORMER 


REGENERATIVE 
CONTROL IMPULSE 
TRANSFORMER 


Sac SUPPLY 


Fig. 7. Grid circuit used in the frequency changer 
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the power and control circuit, and figure 6 shows 
various voltages and currents in the several parts of 
the circuit when supplying power to an induction 
motor. 

A small synchronous motor generator set having 
a frequency ratio of 7 to 3 furnishes power to the 


Fig. 8. Current 
and voltage in 
induction 

motor load 


Upper  oscillo- 
gram—100__ per 
cent load, 0.76 

power factor 


Lower  oscillo- 
gram—15 per 
cent load, 0.60 

power factor 


frequency control circuit which, in turn, supplies 
alternate pulses of direct current to the frequency 
control coils of groups A and B. By proper timing, 
just 3 consecutive tubes are fired in each group. 
With a unity power factor load the flux induced by 
the current in the hold-off coils adds to that induced 


OuTPUT VOLTAGE AND 
CURRENT, AND INPUT CURRENT 


Table I shows the harmonic composition of the 
output voltage and current with various loads. The 
decrease in harmonic content of the current as the 
load increases is the result of a constant transformer 
inductance in series with a variable load impedance. 
Since the regulation of the harmonic voltages is 
greater than that of the fundamental, the harmonic 
voltages in the output decrease with load also. 
Oscillograms for the cases enumerated above are 
shown by figure 8. 

Figure 9 shows the input current with an induction 
motor load. It will be noted from figure 2 that a 
given anode fires during a specified portion of the 
output cycle only once in 3 output cycles or 7 input 
cycles, hence the input current may be expected to 
contain fractional harmonics, namely, 1/7 and odd 
multiples thereof. Since these fractional harmonics 
increase the generator losses, their magnitude must 
be limited when the frequency changer output is a 
considerable portion of the generator rating. Re- 
duction of harmonic input currents may be effected 
by the use of sufficient anodes and different anode 
potentials to secure an output voltage wave with 
small harmonic content. Resonant filters in the 
input transformer primary circuit may be used to 
reduce the harmonics in the generator windings. 


REGULATION 


Regulation is due principally to 2 factors: (1) 
commutation from one anode to another, with a loss 
in voltage proportional to the load; and (2) reactance 
of the output transformer. In addition, there is 
some regulation due to resistance in the circuit and 
reactance of the control windings on the grid trans- 
formers. The measured regulation in terms of root 
mean square voltage was 14 per cent from no load 


Fig.9. Input current and voltage 


by the current in the frequency control coils with- 
out further effect, but when the load is reactive the 
hold-off current maintains F, in a saturated state 
until the load current approaches zero. 

As mentioned previously, the phase of the re- 
generative excitation must be advanced as the load 
increases. This is accomplished by the phase ad- 
vancing coils. 

Figure 7 shows the complete grid circuit for one 
tube. With this copper oxide rectifier combination, 
the impedance presented is low when the grid is 
excited, and the resistor limits the positive ion cur- 
rent to a value which does not reduce the bias voltage 
appreciably. 
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Fig. 10. Increase in 
losses of typical 2 phase 
induction motor due to 
harmonics in supply 
voltage 


= 
wD 


LOSS IN PER CENT OF MOTOR INPUT 


So 


0 10 15 20 25 30 
HARMONIC VOLTAGE IN PER CENT OF FUNDAMENTAL 


to full load. Since the harmonic voltages are more 
prominent at no load, the regulation of the funda- 
mental component of voltage is less, the difference 
being 2 per cent. 


EFFICIENCY 
A frequency changer of this type has the following 


circuit losses: (1) input transformer loss; (2) output 
transformer loss; (8) are loss in tubes; and (4) 
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cathode heater and control circuit losses. The utility 
factors of the input and output transformer are 0.62 
and 0.83, respectively. The total transformer loss 
is 8.6 per cent at full load and 0.7 power factor. The 
arc loss is 2.5 per cent. The loss in cathode heaters 
and a suitable control circuit totals 2.5 per cent. The 
apparent full load efficiency and the no load loss 
compare favorably with the values for a rotating set. 

It should be noted that the output is not entirely 
useful. Figure 10 shows the additional losses in a 
typical 2 phase induction motor resulting from 
harmonics in the voltage wave. From table I, it 
can be shown that the harmonics in the no load 
voltage wave increase the losses in the motor by 2.8 
per cent, while at full load on the frequency changer 
the losses are increased by 1.2 per cent. These 
losses should properly be charged to the frequency 
changer, decreasing its full load efficiency from 86.4 
to 85.2 per cent. 

In general, the harmonic voltages in the output 
may be reduced to any desired value if a sufficient 
number of anodes and transformer windings is 
available, and resonant shunt filters may be used in 
the output circuit to eliminate specific harmonics. 
In particular, by doubling the number of tubes, the 
third harmonic may be eliminated by making the 
potential of the center peak in figure 2, 1.88 times as 
great as the potential of the adjacent peaks. 

Figure 11 shows the assembly of tubes and control 
transformers. Figure 12 shows a control panel 
containing control switches and means for insuring 
the proper heating time for the cathodes before volt- 
age is applied to the anodes. During nonoperating 
periods, the cathodes are heated at reduced voltage 


Fig. 11. Assembly of tubes and control transformers 


to prevent mercury condensation on the anode or 
cathode. The control power switch is closed to 
apply full voltage to the cathodes, and after the 
proper heating period an indication is given for 
manual closing of the main power switch which 
energizes the input power transformer. A manually 
operated control switch is used to change transformer 
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Fig. 12. A control panel 


taps under load, through a pair of contactors, to 
deliver the desired output voltage. 

Figure 13 shows a typical load chart of operation. 
During the changes between the day shift and night 
shift, the voltage taps are changed to compensate 
for the regulation of the set. Normal operation is 
at or slightly under rated load. Starting peaks or 
operating peaks during the day have been observed 
up to nearly 200 per cent load. 


4, 


NS 
BSS ELECTR 
ret ted 
: 


Fig. 13. Typical load chart during operation of the 
converter. Rated load=2.1 
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Split Phase Starting 
of 3 Phase Motors 


When 3 phase induction motors are to be 
operated from single phase lines, split phase 
starting is frequently used. The optimum 
values of external resistance and reactance 
for split phase starting may be determined 
by the method of symmetrical compo- 
nents. In the present paper, equations 
for determining these values for each 
of the 2 commonly used split phase starting 
schemes are derived. The result of calcula- 
tions based upon this method are shown to 
compare favorably with experimental data. 


By 
GORDON F. TRACY 


ASSOCIATE A.1.E.E. 


WALTHER E. WYSS* 


ASSOCIATE A.1.E.E. 


Univ. of Wisconsin, 


Madison 


General Elec. Co., 
Washington, D. C. 


7 i determination of the ‘“‘best”’ 
values of external resistance and reactance to pro- 
duce starting torque when standard 3 phase induc- 
tion motors are operated from single phase sources 
of supply is a problem to which the method of sym- 
metrical components is admirably adaptable. Two 
“split phase’”’ schemes, commonly used to produce 
starting torque, are shown in figure 1, where R is 
an external resistor and X an external inductive reac- 
tor having as low a power factor as possible. In 
either case the resistor and reactor are cut out of the 
circuit as the speed of the machine approaches 
normal, and 2 terminals of the machine are connected 
directly to the line, the third being left open. By 
“best” values of R and X is meant that pair of values 
which will produce maximum starting torque for a 
given line voltage; or, if such values should be ac- 
companied by an excessive line current, the ‘‘best’’ 
values would then be those which produce maxi- 
mum torque at an arbitrarily fixed line current. 

The use of the method of symmetrical components 
implies that the machine is considered to have 3 phase 
voltages, badly unbalanced, applied to its terminals 
during the starting period. These voltages are re- 
solved into their positive and negative sequence com- 
ponents, and since each set of components consists 


A paper recommended for publication by the A.I.E.E. committee on electrical 
machinery, and scheduled for discussion at the A.I.E.E. Great Lakes District 
meeting, West Lafayette, Ind., Oct. 24-25, 1935. Manuscript submitted June 
3, 1935; released for publication July 12, 1935. 


*Formerly graduate student University of Wisconsin, Madison. 
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of balanced 3 phase voltages, the standard expres- 
sions for torque and current under balanced condi- 
tions may be employed. The resultant torque 
and current may then be deduced. Finally, the 
conditions for maximum torque for each method are 
determined. The validity of the expressions for R 
and X so obtained has been amply verified by experi- 
ment, some of the experimental checks being shown 
in this paper. 

The conclusions reached as the result of the study 
discussed in this paper may be summarized as follows. 
A comparison of the 2 methods shown in figure 1 for 
producing starting torque on single phase circuits 
reveals the fact that the torques obtainable by 
method 2 are larger than those of method 1, but that 
these greater torques are obtained at the expense of 
larger currents. The maximum torque obtainable 
by method 1 is in the neighborhood of 18 per cent of 
the 3 phase starting torque for the same voltage 
between lines, while the corresponding current in 
the line is in the neighborhood of 87 per cent of the 3 
phase starting current. The torque obtainable by 
method 2 depends, as pointed out before, upon how 
much line current is permissible; but ranges, in 
general, from about 37 per cent of 3 phase starting 
torque at a line current of 200 per cent of 3 phase 
starting current to about 20 per cent at 110 per cent 
of 3 phase starting current. It is significant that the 
torque per ampere of line current is approximately 
the same for both methods. In choosing between 
the 2 methods for a particular case the deciding 
factor would be the upper limit on the starting cur- 
rent. If a line current of 110 per cent or more of 3 
phase starting current at rated voltage is permissible, 
method 2 is preferable because of its higher starting 
torque. If the permissible starting current lies 
between about 75 per cent and 100 per cent of 3 
phase starting current, method 1 is preferable, and 
can be used without a compensator. If the starting 
current must be kept below 75 per cent, a compensa- 
tor must be used in conjunction with either method 
and there is little to choose between them, except 
that the “‘best”’ values of R and X are more directly 
obtained in method 1 than in method 2. 


THEORETICAL ANALYSIS 


In deriving the expressions for R and X the follow- 
ing symbols are employed: 


R = external resistance 
X = external reactance, assumed to have zero power factor 


Fig. 1. Split 
phase connec- 
tion 


MEmhO Dee 


METHOD |} 
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ts 
| 


= impedance per phase of motor at standstill, motor assumed 
star connected 

resistance per phase of motor at standstill 

reactance per phase of motor at standstill 


ba | 


V = voltage of single phase source 

Ig = single phase line current 

a@ = 120 degree forward rotating operator (a = —0.5 + j 0.866), 
a’? = 240 degree forward rotating operator (a? = —0.5 — 7 0.866), 
T = torque in synchronous watts 


Vector quantities are indicated by bold faced symbols, as V, I,andz 


Positive phase sequence quantities are indicated by V, J, and 
Negative phase sequence quantities are indicated by V, f, and T 


MeErTuHOop 1 


The vector diagram for method 1 is shown in figure 
2, in which the motor impressed voltages, Vas, Vie, 
and V.., considered as voltages of a 3 phase system, 


Fig. 2. Vee- 
tor diagram 
for method 1 


are shown in heavy lines. The expressions for these 
voltages, in terms of V, R, and X, are 

Voc — GIy X 

—(V — aR) = IaR -— V 

—(Voct+ Vea) = —IaR + jnX 


The positive phase sequence component of V4» is: 


S 
8 
ll 


Vad = 


~ 1 
Vab = 3| Ya + aVoc + oe | 


= | BR = LD) egy X (ly 30) Via | (1) 


Similarly, the negative phase sequence component is: 


Var = 3 teRC —1) + 7hX(1 — a?) + Via? — 0 | (2) 


The zero phase sequence component is zero. 

It is now convenient to make use of 2 important 
propositions in the theory of symmetrical com- 
ponents. The first relates the line-to-neutral voltage 
of each sequence to the corresponding line-to-line 
voltage. Defining the positive phase sequence to be 
the one in which 0 lags a, and V.. to be the line-to- 
neutral voltage of phase a, these relations are: 


Vap = 4/3 Va 230° = Gl Ate a?) Vio (3) 
V.5 = /3 Vie —s0e = (1 — a) Vis (4) 


The second proposition states that when the 3 
impedances of a star-connected load are balanced, 
the positive phase sequence voltage to neutral is 
simply equal to the product of the impedance per 
phase and the positive phase sequence current, and 
does not involve any cross products with the nega- 


1. See reference 1 at end of paper. 
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tive phase sequence current as it would if the im- 
pedances were unbalanced. Consequently: 

I, = Vao/z (5) 
fa = Vao/z (6) 
Also 

I= t+ fh (7) 
h=h+h =a +ah (8) 


Substituting equations 3 to 8 in equations 1 and 2 


» RA — a? a X(1 — 
Vale ae ee 


3z 3z : 
a RC ate. Raney ae bol eee 
Pool x Darl |- 3 V(a a*) (9) 
x s| ERG @) 2 ax (be?) 
Pas 32 A 32 |+ 
2% aay 
Pool cogs RU — a) eae oe 2 ¥ (ati) (10) 
3z 32 3 


These 2 equations may now be solved simultaneously 
for V,. and Wyo, yielding 


.; ve aX +jR— V3 0% aa) 

Veg 75 | al OR eo Re 

ome a [ —ax — iR - V3 az i 
V3 | 32 + 2R + j2X + JRX/z 


The torque of a 3 phase induction motor under 
unbalanced 3 phase voltages is the difference be- 
tween the torque corresponding to the positive phase 
sequence voltage and that corresponding to the nega- 
tive phase sequence voltage.! Each component of 
torque, therefore, may be found by substituting 
equations 11 and 12 in the ordinary expression for 
the starting torque of an induction motor; viz., 
T = 3V,ro/z2?, where r. is the rotor resistance (re- 
ferred to the stator) and Vj; is the line-to-neutral volt- 
age, and JT is the torque in synchronous watts. The 
expression for the resultant torque under unbalanced 
voltages is 
T= T ao ip = 3 | (ven oe (oo = (13) 
Since all quantities in the expression for torque are 
scalar quantities, it is necessary to find the scalar 
values of the positive phase sequence and negative 
phase sequence voltages. The scalar values of the 
numerators of equations 11 and 12 are shown in 
equations 14 and 15, respectively: 


V((0.8667 — 1.5% — 0.5X)? + (1.57 + 0.866% + R + 0.866X)"]*/2(14) 
V((0.866r + 1.5% + 0.5X)? + (—1.5r+0.866% —R+0.866X)*]'/2(15) 


The scalar value of the denominator in each case is: 
a \? rN 
v3| (a +2R + ex 5) + (ae + 2x +e 5) | (16) 


Substituting and simplifying equation 13 becomes: 
24/3 (Rx + Xr + RX) 


V°re 
eA Les DS I GPG Ver eCmT Co aia 
(or +2n+Rx 5) + (s+2x-+Rx 5) 
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Table I—Calculated and Experimental Values of R and X for Typical Machines 


Calculated Data 


Rating Constants Experimental Data 
Machine 
Number Type H.P. Volts r x Zz Method R x R x 
URE Mmblichireactaticessass se is Dare UL Os nnn On Lode = OF 297 0.327. Ae les 0.46 07152... 0.50. Oreo) 
Wh A Be sate squirrel cage.... 3 iLO seeneenen Ooo4 , 0,628. 0.858 malice 0.94 ONTLSiE 0. S8iten eee ORAS) 
ooe .. Double squirrel cage... 7.5......110.......0.193. . .0.286 0.345. ace 0.428 0.245... 0.50. .0.28 
4 . .Single squirrel cage.... 5 220 . .0.86 eel solo 1.74 . Pee 2.32 MeO 2.40. 0.75 
Decree WiOMndETOCORa mii tl Ol reine SLO wre oeieers OLO074 aan Ov Garner. QUL SS te ctetarsicrwetcners i eee cence OW. sare co OF OG4 Saipan O40 teers 0.00 
1 bass Ao SSI io ak ce AG Ret mice ee Penne nn oremocas one ccmsemrdan monaco uc (GNI) ono8. ceo 0.48 0.48 .. 0.42... 0.42 
Bik wel CSTR as Mere ret eis PUN ei te eer e A eating Coomn maeetancuemo ue, cos on OCA! DIN) Sis on bode 1.31 eu! 28 fave 1.28 
Ae  (GEAGIIA non oan be SEE taaddy Ae OIA Gr a OOiao ooloate nee mem oD Oo ada aageay CA Gdar IE) chide AREY es 2.59 262 a eas 2.52 
4.. vere 2 = F145) Boe syne ieeg oicea asin 5.13 6.10.. 5.10 


Single phase starting current 


i 3-phase starting current 
» All constants in ohms 


The value of z occurring in equation 17 is the scalar 

value. Since the first term of equation 17 expresses 

the torque under balanced conditions for a between- 

line voltage equal to V, the remainder of the equation 

is the ratio of the split phase starting torque to the 

starting torque under normal 3 phase operation. 
The line current J) is readily found as follows: 


Ig=Ig+h = CF ae fy) ae (a?ty ap aly) 


Eaeria)i, + deta, ——al, — al, (18) 


Substituting equations 5 and 6 into 18, the vector 
expression for J) is 


aM (= x ae fesae =) ed) 
and the corresponding scalar expression is 
Fed 3(R + 2r)? + 3(X + 2x)? ‘Ls 
ae G +2R 4+ RX =) au (« +2x4+RK5) 
a a (20) 


The value of z in equation 20 is the scalar value. 
Since the first term expresses the line current for a 
balanced 3 phase voltage of V volts the remainder is 
the ratio between the single phase line current and 
the 3-phase starting current. 

It is of interest to examine the manner in which the 
torque (equation 17) of a given machine varies as 
the external resistance and reactance are varied. For 
any fixed value of X the torque is relatively small 
when R& is zero, but rises as R is increased, passes 
through a maximum value, then drops off approach- 
ing zero as R becomes very large. Such a curve is 
shown in curve A of figure 3, the data having been 
obtained experimentally on a 5-horsepower squirrel- 
cage ball-bearing induction motor. A different 
value of X yields another curve similar in shape to 
that of curve A, but having either a higher or a lower 
peak value depending on whether this second value of 
X is closer to, or farther away from the ‘‘best’’ value. 
A similar characteristic obtains when X is varied 
and # is kept constant, a typical curve being shown 
in curve B of figure 3. If a 3 dimensional dia- 
gram is built plotting torque as ordinates against 
Rand X as mutually perpendicular abscissas, a sheet 
will result having a hump at the intersection of the 
best value of R with the best value of X. Such a 
diagram is shown in figure 4, for the machine de- 
scribed above. 
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In order to predetermine the best values of R 
and X, the partial derivative of equation 17 with 
respect to FR is first taken and equated to zero. 
There results a quadratic in R of the form 


AR? + BR+C=0 (21) 


where 


A = (% + X)(4e2 + 4Xx + X?) 
B = 2rX(422 + 4Xx + X?) 
C = 4Xr(322 + 3Xx + X2) — 2? (x + X)(922 + 12Xx + 4X2) 


For any arbitrarily chosen value of X, the above 
equation yields the corresponding best value of R, 
i.e., that value corresponding to the peak of curve A 
in figure 3. The first choice of X, of course, would 
in general not be that which corresponds to the hump 
in figure 4, but this value could be found by assigning 
a few different values to X; solving for the corre- 
sponding value of R from equation 21 and then sub- 
stituting the pairs of values of R and X so found into 
equation 17 until the optimum torque is found. A 
much shorter procedure, however, is to obtain a 
second equation similar to 21 by taking the partial 
derivative of 17 with respect to X and equating to 
ZELO meshes 


DX? + EX + F=0 
where 


(22) 


D =(r + R)(422 + 4 Rr + R2) 
E = 2xR(422 + 4Rr + R?) 
F = 4Rx%(322 + 3Rr + R2) — 2%r + R)(92? + 12Rr + 4R2) 
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Equations 21 and 22 are now used as follows. Any 
arbitrarily chosen value of X (preferably of the same 
order of magnitude as x) is substituted in equation 
21 and the corresponding value of R found. This 
value of R is then used in equation 22 and a new 
value of X found, which is again substituted in 
equation 21. This process is continued until the 
values of R and X repeat themselves, which means 
that they are approaching the values corresponding 
to the hump of figure 4. Due to the symmetry of 
the equations and to the rapid convergence of R and 
X on their best values, a surprisingly small amount of 
labor is required in this process. Usually, only 4 or 
5 of the above substitutions are necessary. For 
example, using the constants of machine 4, table I, 
and assuming X = 1.5 ohms as a first trial (suggested 
by the value x = 1.51), substitution into equation 
21 yields a positive value of R of 2.27 ohms. Sub- 
stituting this value of R, in turn, into equation 22 
results in X = 1.03 ohms. Results of succeeding 
substitutions are R = 2.305, X = 1.01, R = 2.32, 
X = 1.00. Evidently the values of R and X have 
practically converged on their best values. The 
latter pair are therefore assumed to be the best 
values. 


METHOD 2 


An inspection of the circuit diagram of method 2, 
in figure 1, suggests the following relations: 


Voc (23) 
jx 


Expressing V., and V,, in terms of the symmetrical 
components of the line-to-neutral voltage V..: 


To = Ig + Tay = Toter — Ie 


V, 
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Vap = Van ae Vas = (1 as a?) Vao Se GA. = a)Va0 
Voc = aVop aR aVap a(t — a”) Vao + a(1 — a)Vao 
= —jV/3 Vio + jv3 Vao 
Upon substituting these relations, together with 


those expressed in equations 5 to 8 into equation 23 
there results: 
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Also, from figure 1, 


(24) 


V= —Veq = —aVap = Van = —a(l — a?) Vago =cAdl = a)Va0 
ar (il = a)Vao + (1 — @?)Vao (25) 


Equations 24 and 25 may now be solved simul- 
taneously for V,. and Vio, yielding 


& V 4/3 2R — (1 — a)zX — (1 + a*)RX 
Mone @ 32R + j2RX +j32X 


& (2) eae 
Vao = 


(26) 


(27) 


V/3 32R + j2RX + j3z2X 


As in the case of method 1, the next step is to find 
the scalar values of the above 2 equations and sub- 
stitute them into equation 13 for torque. Passing 
over all intermediate steps the torque equation 1s 
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Fig. 4. Isometric graph of torque characteristics of 


method 1 


Data pertain to machine 4, table | 
R and X in ohms 


my Vr, 2>/3 RX(2? + Rr + Xx) 
~ \ 2 J (3Rr — 3Xx)? + (BRx + 2RX + 3Xr)? 


(28) 


The value of 2 in the above equation is its scalar 
value. As in the corresponding equation for torque 
in method 1, the second term of equation 28 is the 
ratio of the split phase starting torque to the 3 
phase starting torque. 

The line current for method 2 is found from I) = 
I, + Igy (see figure 1); I. and J, are expressed 
in terms of V,, and V,. in equations 5 and 23, and 
V.. and V,. are further expressed in terms of V 
in equations 26 and 27. The resulting vector 
expression for J, is: 


2zR + 32? + j2zX + jRX 
i 32°R + j2zRX + j322X 


(29) 


And the corresponding scalar expression is 


‘ V Lees —2xX +3r? —3x?)?+3(2xR+2rX +RX +6rx)? 3 


~ A/82 (3rR—3xX)2+(3aR+2RX +3rX)?2 


(30) 


As in the case of equation 20, the expression under 
the radical of equation 30 is the ratio of the single 
phase line current to the 3 phase starting current. 

The manner in which the torque varies as either 
R or X alone is varied is much the same as is shown 
in figure 3. If torque, however, is plotted in a 3 
dimensional diagram, the sheet so formed differs 
from that of figure 4 in that there is no hump at any 
positive values of Rand X. The torque continues 
to increase as R and X are both reduced, and attains 
its greatest value (for positive values of R and X) 
as Rand X approach zero. The torque sheet has a 
diagonal ridge which increases in height as it ap- 


mekira! 


proaches the origin. Figure 5 is a 3 dimensional 
chart of the same machine as in figure 4 but connected 
as in method 2. The theoretical value of torque at 
the origin (when R and X are both zero) is 1//3 
times the 3 phase starting torque. This value is 
found by dividing the numerator and denominator 
of equation 28 by RX , retaining only those terms 
which have appreciable magnitude when R and X are 
both very small, and finally assuming R = X as an 
approximation. The current at the origin of figure 5, 
where R and X are zero, is infinitely large, and in the 
vicinity of the origin excessive current would be 
drawn from the source. 

Since there is no hump or optimum value of the 
torque sheet in method 2 there is no object in taking 
derivatives of the torque equation to find the best 
values of R and X. Instead of understanding the 
best values to mean those values which yield opti- 
mum torque as in method 1, they are now under- 
stood to mean those values which yield the maxi- 
mum torque at some given line current. Equation 30 
for the line current may be written in the form 


Cas (2rR—2xX +372 —3x)2+(2QxeR+27X +RX +6rx)? 
is (3rR—3xX)?2+(3xR+2RX +3rX)? 


in which C = ratio of single phase starting current 
to 3 phase starting current. Then if it were per- 
missible, for example, to draw a starting current 
from the single phase source equal to 1.5 times the 3 
phase starting current of the motor, the value 1.5 
would be assigned to C and the procedure would be 
to assign a few arbitrary values to X in equation 31, 
solve for the corresponding values of R, and then 
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Fig. 5. Isometric graph of torque characteristics of 
method 2: 


Data ‘pertain to machine 4, table | 
R and X in ohms 
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substitute the pairs of values so found into equation 
28. ‘The best values of R and X would then be 
those corresponding to the largest value of torque. 

A shorter but less exact method than that outlined 
above is to let R = X in equation 31. The results of 
several tests and computations indicate that over a 
wide range of ratios of 7 to x the torque for any given 
line current when R is equal to X is within about 10 
per cent of the maximum torque at the same current. 
Equation 31 may now be rearranged as a bi-quad- 
ratic in'R (or X) of the form: 


JRi+ KR} + LR? + MR+ N = 0 
where 


J=3-4C 

K = 12(1 — @)(r + x) 

L = 62%4 — 3C?) + 36 rx 

M = 362%(r + x) 

N = 27r4 + 27x4 + 54r2x? 

This bi-quadratic may be solved directly for R by 
one of the standard methods that can be found in 
any handbook of mathematics. Horner’s method 
was used to obtain the data in table I. 


EXPERIMENTAL CHECKS 


The validity of the methods described above for 
computing the best values of R and X has been 
verified by experimental tests on a number of differ- 
ent induction motors. Most of the machines tested 
were ball bearing machines with skewed rotor slots, 
thus minimizing the possibilities of errors due to 
bearing friction and slot grabbing. The reactor 
used for X consisted of a rectangular laminated iron 
core with 2 14/3.-inch air gaps. The winding was 
tapped in several places and heavy copper was used 
in order to minimize the resistance. Table I com- 
pares computed and experimental results. 


WounbD Rotor MACHINES 


When wound rotor induction motors are used in 
conjunction with external resistors in the rotor cir- 
cuits, the values of 7, x, and z, when used in the above 
equations, should include the effect of the external 
resistance. In other words, if the constants of the 
machine are determined from the blocked rotor test, 
the same resistance should be connected in the rotor 
circuits during the test as will be used when the 
machine is started. A little consideration will show 
that the same value of rotor resistance that produces 
maximum starting torque under normal 3 phase con- 


ditions will also produce maximum starting torque 


when started split phase. 
port this consideration. 


Experimental results sup- 
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A New 


W att-Hour Meter 


To meet the demand for sustained accuracy 
in watt-hour meters and for adaptability to 
service requirements, the meter described 
in this paper has been produced. It offers 
simplicity and interchangeability, light 
weight, high accuracy over a wide range 
of load, and convenience of adjustment, 
and features an improved overload com- 
pensator, a new form of full load adjust- 
ment, and a new form of combined open- 
potential-coil indicator and balance ad- 
justment for polyphase meters. 


By 
STANLEY GREEN Duncan Elec. Mfg. Co., 
MEMBER A.1.E.E. Lafayette, Ind. 


Re EW watt-hour meter design has been 
necessitated by changing standards, which require 
a new line of meter elements designed especially to 
take advantage of an improved form of heavy load 
compensation. The space available for the element 
is determined closely by service installation require- 
ments; at the same time new weather resistant non- 
ferrous meter bases require an element substantially 
immune to stray field errors. The meter described 
in this paper secures this immunity by the use of a 
single potential pole and 2 current poles, which are 
constructed as a separable unit. Current windings 
are form wound and are interchangeable on a single 
lamination form for all ratings. The potential 
electromagnet has an unusually small mean length 
of turn with a minimum watts loss in the element, 
giving also a reduction in low power factor tempera- 
ture errors and contributing to a light weight electro- 
magnet without sacrifice in any performance detail. 

Analysis of modern operating requirements re- 
sulted in the choice of a nominal full load torque of 
46 millimeter-grams, and watt-hour constants in 
multiples of !/; watt-hour per disk revolution. An 
improved overload compensator is used which gives 
substantially perfect registration at all loads between 
5 and 300 per cent of nominal meter ratings, together 
with a 2 magnet damping unit of high coercive force 
and a new form of full load adjustment. Elements 
are used without change for polyphase meters, in 
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which a new form of electromagnetic open-potential- 
coil indicator combines indication and balance ad- 
justment in a single device. Accessibility for dis- 
assembly of all component parts is attained from the 
front in both single and multiple element meters. 
The principal improvement embodied in the new 
meter, which is not brought out by the consideration 
of a single rating or size, lies in the adaptability of 
the new element to an entire line of meters with 
uniform performance and a maximum of simplicity 
and interchangeability both in manufacture and in 
use. Lighter weight, better accuracy, lower loss, 
and more convenience of adjustment are also among 
the advances. To those unfamiliar with the diffi- 
culties in design of the many models and types which 
have constituted the steps of meter progress in the 
past, these detaiis may seem unworthy of mention. 
To this the answer is that simplifications are not 
obvious until after they are made, and even then serve 
only as steps to further improvement. . 


GENERAL 


In the last decade, important changes in watt- 
hour meters have received attention in the technical 
press and in manufacturers’ literature but mostly 
from the standpoint of performance and application. 
The user’s point of view has been uppermost. 
Manufacturing and design features have received 
less attention, probably on the theory that the user 
is the one to be satisfied and that he is not par- 
ticularly interested in how the manufacturer produces 
the product as long as the price and performance are 
satisfactory. This assumption is undesirable be- 
cause among the users of watt-hour meters in the 
public utilities there is a large proportion of engineers 
who by training and interest are capable of appreciat- 
ing design problems. Indeed, it is from this group 
that the manufacturer receives the current of con- 
structive criticism which crystallizes into actual 
improvements. ; 

Demands for better performance and adaptability 
to changing service requirements have been such that 
the meter of today is scarcely comparable with its 
forerunner of 10 years ago, and these have been met 
with little if any real increase in cost to the user. 
An outline of the causes of some of these improve- 
ments and of the design limitations involved should 
be interesting to the operator or user of meters, and, 
in addition, if it gives him any better understanding 
of the problems of the designer, should serve to stir 
up still further that responsive flow of constructive 
suggestion which has been the taproot of progress 
in the past. 

For reasons of standardization, and to keep stocks 
of repair parts at a minimum, users of meters always 
have been loath to see frequent changes in types. In 
contrast to the extreme of annual models as indulged 
in by some industries, the meter manufacturer 
always has introduced a particular type with caution 
and deliberation, with the full realization that this 
type would be the fundamental ‘platform’? upon 
which production would be based for a term of years, 
until the pressure of new requirements, better ma- 
terials and processes, and accumulated improvements 
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made it absolutely necessary to begin again with a 
clean slate. 

The company with which the writer is associated 
recently made one of these infrequent but complete 
changes of model. A discussion of the salient fea- 
tures of its design and the reasons therefore may serve 
a useful purpose in indicating general design trend. 
Design of a line of meters cannot be accomplished 
by logical processes alone because it consists of 
interpreting the desires of the users, as well as draw- 
ing lessons from past experience, both in operation 
and manufacture. The resultant product is different 
from what might be produced if there were no re- 
stricting past practice or confining current opinion. 
Much of the process therefore will reflect the de- 
signer’s opinion and interpretation of facts reported 
to him. Notwithstanding this, it should be pos- 
sible to set down in a fairly orderly and logical form 
some of these factors and how they have affected the 
present form of the watt-hour meter, regardless of 
whether they be facts, theories, or plain preferences. 
To shorten the paper, it has been necessary to as- 
sume, on the part of the reader, a reasonably thorough 
knowledge of watt-hour meters and their performance 
and to dispense with such explanation or description 
of phenomena as is found in texts.? 


DETERMINATION OF SIZE 


Figure 1 shows the over-all space relations for the 
ordinary bottom-connected single-phase meter. The 
case diameter is approximately 6.25 inches, and the 
width of the terminal chamber is 5.50 inches. 
Terminal chamber width has really evolved from 
practical experierice in getting the proper number of 
wires of sufficient current-carrying capacity through 
the meter with the necessary insulation between 
them. Four principal wires are required and they 
may be called upon to carry 150 amperes continu- 
ously. The operating voltage between them may be 
a nominal 230 volts. <A few years ago, at the request 
of the meter committee of the National Electric 
Light Association, the approximate terminal cham- 
ber width shown was standardized upon by all 
American manufacturers, and it is safe to say that 
it is not excessive, both insulation and copper being 
utilized to their maximum safe capacities under the 
above conditions. The user is benefited little in 
economy of wall space by reducing the enclosure 
diameter below the width of the terminal chamber; 
consequently a glass cover outside diameter of 
approximately 5.75 inches has also recently been 
standardized upon by all American manufacturers. 
The terminal chamber evolution has been a long 
process of trial and error in which the operating 
experience with meters in millions of installations 
has played a part. It is inextricably bound up with 
the standardization and operating practices of the 
utilities and to this extent is almost entirely out of 
the control of the designer except from the very long 
range point of view. At least for a term of years, 
it can be assumed that it has been determined for 
him by past co-operative efforts. The fact that it 
has been determined, however, does provide the 


1. For all numbered references see list at end of paper. 
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6.25 INCHES 


4.4 INCHES 


Fig. 2 (above). Outline of 


electromagnet lamination 


Fig. 1 (left). Outline dimensions of typical terminal 
chamber type of single-phase meter 


fundamental factor of his design—the space available 
for the meter element. 

For economy of materials, a smaller meter diameter 
could be used, irrespective of the terminal chamber, 
but past practice has indicated that this is not de- 
sirable. Meters of smaller size have been tried and 
abandoned in favor of new types of approximately 
the present size. One plausible explanation of this 
is that there is a limit to the material economies 
obtained by size reduction where they are over- 
shadowed by the extra manufacturing cost introduced 
by the crowding of parts and closer tolerances re- 
quired to build a fine measuring instrument into the 
smaller space. 

In the more recently developed socket type meter, 
shown in figure 14, it has been found that the socket 
diameter is largely determined by the required cur- 
rent carrying capacity and necessary spacing for 
contact clips and circuit wires. This diameter closely 
approximates the size already established by the 
former bottom-connected practice. The same funda- 
mental size-fixing factors, therefore, apply to the 
socket form of meter. 

Within the space of the meter cover shown in 
figure 1 is drawn a circle 4.75 inches in diameter. 
This is the approximate space which it is safe to 
utilize for the meter element itself. It will be noted 
that a fairly generous margin has been left between 
the element and the outside of the cover. This is 
to take care of such conditions as special registers 
requiring more room than usual, variations in cover 
dimensions and other tolerances, and finally for 
unforeseen future contingencies, because lack of 
space is the manufacturer’s worst enemy. 


ELECTROMAGNET LAMINATIONS 


The shape of the lamination for the electromagnet 
is shown in figure 2. It is characterized by a single 
leg (1) for the potential pole and 2 legs (2 and 3) 
for current poles. A primary reason for this general 
structure is its resistance to the effects of stray a-c 
fields. Present practice is to make meter cases 
from die-cast aluminum or similar nonferrous alloy 
for weather resistance because of the increasing use 
of meters out of doors. The cast iron cases of older 
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meters acted as a rather effective shield against such 
stray fields, but with present bases the shielding 
effect is negligible. 

The most damaging stray fields are those in which 
the magnetomotive force is in a direction to cross 
the gap and cut the disk. Consider the effect of such 
a stray field on the form of electromagnet shown in 
figure 2. The path of any flux as a result of this 
field would have to be through the current poles, 
across the gap, and through the potential pole. If 
the potential pole were unexcited by its normal 
magnetizing current J,,, the stray magnetomotive 
force would indeed cause flux to flow along such a 
path. However, with the coil connected across the 
potential of the circuit to be measured, the total 
flux through the pole is necessarily proportional to 
such potential. If any stray magnetomotive force 
causes a flux in the pole tending to change this 
proportionality, J,, immediately changes a compen- 
sating amount. Although this compensating action 
originates in the potential coil, its action is naturally 
effective to a considerable extent throughout the 
length of the path of the stray field flux, which also 
includes the length of the 2 current poles. Thus the 
accuracy of the meter is unaffected by the com- 
ponents of stray a-c fields which are in a direction 
perpendicular to the disk. 

Finally, the yoke completely surrounding the 
outer ends of the poles and fastening them together 
in an integral structure acts to some extent as a 
shield against stray field, whatever its direction. 
The resultant electromagnet without any enclosing 
case of magnetic material can be classified as sub- 
stantially immune to the effects of any stray fields 
which could be encountered in ordinary installation 
practices. It is interesting to note that all American 
makes of meters now embody the general scheme, 


Fig. 3. Magnetic 
joint between 
separable curient 
and potential 
electromagnet 

cores 


which includes one single potential pole and 2 cur- 
rent poles, although the structural details to ac- 
complish this in the various electromagnets naturally 


vary. 
Another important advantage of the electromagnet 
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form is that current and potential poles are held to- 
gether in mutual relation in one integral structure 
without being clamped. together for support upon 
some other part, such as a base, and thus are inde- 
pendent of the trueness and accuracy of this second 
member. Fortunately, it is not necessary to stamp 
the entire lamination in one piece to accomplish this. 
Such a structure would impose very great difficulties 
in applying the windings and especially the current 
coils, which are of various sizes of heavy wire. 
Instead, the potential and current parts are stamped 
separately and joined together. Figure 3 shows the 
details of this joint, which allows the parts to be 
detached conveniently at any time. The joint, 
nevertheless, is always effective in holding the parts 
in just as precise mutual position as though they 
were integral. This is important as it affects the 
length of the disk gap. 

This detachability is advantageous to both manu- 
facturer and user. For example, 6 current electro- 
magnets cover the range of ordinary use for 5, 15, 
and 50 ampere meters in both 2 and 3 wire types. 
Only 2 potential electromagnets are necessary for 
the 115 volt and 230 volt ratings. Combinations 
of these produce any desired meter, thereby reducing 
parts stocks. Also, in the case of repairs, either the 
current or potential electromagnet can be replaced 
separately. The simplification mentioned has been 
merely for 2 voltage ratings and 3 current ratings 
in 2 and 3 wire at 60 cycles. If additional voltage, 
current, or frequency ratings are introduced, the 
advantages pyrainid. 


ELECTROMAGNET WINDINGS 


The starting requirement in the electromagnet 
design and one which has not always been met 
heretofore is to have a single form of electromagnet 
core of a fixed depth of stack which is capable of 


-accommodating all ratings merely by putting on it 


windings of the proper number of turns. The ideal 
has nearly always been attained in transformer design 
where a relatively large number of turns may be 
employed on both primary and secondary; but for a 
meter element it is much more difficult, mainly be- 
cause of the small number of turns which must be 
used on the current poles. 

American practice requires that current windings 
be capable of carrying continuously 300 per cent of 
the nominal current rating on the basis of which 
nominal full load calibration is made. The extra 
200 per cent is usually spoken of as ‘overload 
capacity,” although it has really ceased to be that 
and modern meters may be momentarily loaded to 
far beyond the 300 per cent point. In the case of the 
50 ampere rating, which is the largest present stand- 
ard nominal rating, the current coils must be capable 
of carrying 150 amperes continuously. The ideal 
construction for such a coil is from relatively heavy 
copper bar or strap. It therefore is necessary in 
laying out the electromagnet to consider the entire 
range of current coils which may be used and pref- 
erably to start with the ones which present the great- 
est mechanical difficulty in applying them to the 
core. 


1075 


Table I shows the current coil requirements 
throughout the necessary ratings. The figure of 12 
turns per pole for the 5 ampere size is significant be- 
cause of its divisibility by 2, 3, 4, and 6. Starting 
with this number, the required nominal ampere 
ratings are obtainable with identical cores and with 
identical torques through 15 amperes. The 25 and 
50 ampere sizes are in reality 30 and 60 ampere ele- 
ments calibrated at the nominal 25 and 50 ampere 
points. The so-called '/, turn per pole in the table 
for the 50-ampere 3-wire coil is in reality one turn 
on each pole but with the turns in parallel so that 
the effect, at least, of a half turn is secured. 

It is apparent that no number but 12 is suitable 
unless a full jump to 24 is made. Although possible, 
this would be very inconvenient and objectionable 
because the nominal 60 and actual 180 ampere turns 
per pole provided by the 12 turn base is already 
generously sufficient as compared to the potential 
coil ampere turns which it will be desired to use. 
Thus, it is a peculiarity of the design that for inter- 
changeability and simplicity, the ampere turns per 
pole are definitely fixed at a nominal 60 with a base 
of 12 turns per pole for the 5 ampere size. 

It is a simple matter to choose the proper copper 
cross section for the various coils on the basis of a 
30 to 40 degree temperature rise. The lower rise 
applies to the coils of smaller capacities, while it is 
necessary to tolerate the higher rise in the case of the 
larger coils because of heat conveyed to the coil from 
the terminal chamber and line and load connections 
to the meter. Figures 4 and 5 show a 50-ampere 
2-wire and a set of 50-ampere 3-wire coils which are 
chosen as the ones representing the most difficulties— 
mechanical, insulation, and space—for the line. It 
is to these that the electromagnet must really be 
“tailored”? to provide ease of manufacture and re- 
liability of insulation. 

The distance between the 2 current poles is de- 
liberately chosen so that these coils can be wound, 
insulated, and applied to the poles by simply drop- 
ping them in place. Similarly, the height of the cur- 
rent poles is made ample to take care of all possible 
contingencies for coil and insulation space, present or 
future. The roominess makes it possible to reverse 
coil sections from bottom to top on the respective 
poles for all 8 wire meter coils with the exception of 
the illustrated 50 ampere coil. This causes the 
annoying problem of coil balance on 3 wire meters 
to disappear. Even with the 50 ampere coil the 
space available makes perfect balance possible by 
proper shaping of the heavy leads. If space econo- 
mies need be made, they should be at other points 
than here. Winding space and its convenient form 
are of paramount importance not only to the manu- 
facturer but to the user, since restricted space is 
possibly the greatest contributor to difficult insula- 
tion problems and meager current carrying capacity. 

Spacing apart the tips of the current poles so that 
they have no overhang and the coil slips on easily 
is a new feature and is accomplished at the expense 
of considerable torque reduction. However, the 
torque thus sacrificed is later restored by the overload 
compensator and indeed provides a basis for the 
working of this compensator. Consequently, an 


1076 


important structural advantage is secured with no 
loss and indeed with a performance gain, which will 
be understood fully when the overload compensation 
is discussed. 

The current coil poles are made narrow to increase 
the clearance between coils and the yoke and to 
minimize the length of turns. Furthermore, | a 
greater width than that shown adds almost nothing 
to the torque-producing ability of the element because 
the most effective portions of the current poles are 
near the tips of the potential pole. To really in- 
crease the torque, wider poles would require ad- 
ditional potential poles or counter poles above the 
disk. It is questionable whether the gain produced 
in this way would be worth the cost in space and the 
structural complications involved. 

The potential pole is made as narrow as possible 
because over it must slip the potential coil, and it is 
necessary to keep down its mean length of turn. 
In the lamination shown in figure 2 this width is 
much less than usual for this style but is still suf- 
ficient for the outer tips of this pole to overlap the 
current pole faces by a slight amount. Thus the 
width of the potential pole is influenced by the initial 
choice of distance between current poles. 

The primary cause of so-called class II temperature 
errors in watt-hour meters resides in the resistance 
of the potential coil, since this coil is of copper which 
has a large temperature coefficient. The most ef- 
fective procedure, as well as the simplest, is to mini- 
mize this effect at its source, which means that the 
resistance drop I,K of the potential coil must be 
kept low. To do this, the mean length of turn is 
kept short by using a coil of small diameter which 
hugs the narrow pole. The resistance of the coil is 
then further reduced by supplying a large winding 
cross section which, because of the small diameter, 
means a long coil. This requires a long potential 
pole. Here, again, is a place where false space 
economy should not be practiced and every available 
fraction of an inch has been utilized. 

The 2 main factors in determining the over-all 
height of the completed lamination have been, of 
course, the height of the current poles and the length 
of the potential pole. In neither one of these has 
economy been exercised. Although in the single 
phase meter there is plenty of vertical room, the 
over-all height of the electromagnet enters directly 
into the height of 2 and 3 element meters and it is, 
therefore, desirable to keep it down. Notwith- 
standing all this, skimping on the essential pole 
dimensions is not justified in the electromagnet. It 
is possible to economize in over-all height in multiple- 
element meters in other places than within the 
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Fig. 4. A 50-ampere 2-wire Fig.5. A 50-ampere 3-wire 
current coil current coil 


pe aenet itself and achieve the necessary re- 
sults. 

The 2 transverse arms (4 and 5) in figure 2 are the 
usual shunt paths for some of the potential coil flux. 
Compensation for the inherent small error in the 
meter caused by changes in voltage of the circuit to 
be measured is accomplished in the usual manner by 
having some portion of this path approach saturation 
as the voltage varies upward. The total amount 
of flux passing through the potential coil determines 
the number of turns necessary in this coil for a given 
impressed voltage. Also, the magnetizing current 
I in the coil varies inversely as the number of turns 
used. This total flux, and hence both turns and 
Im, can be conveniently adjusted by fixing the rela- 
tive permeance of these shunt paths. The width of 
the shunt paths, together with the length of the 
shunt-arm gaps, has, therefore, been chosen to give 
the desired number of potential-coil turns and de- 
sired magnitude of I,, in the finished meter. For 
the 115 volt coil, this is 0.06 ampere, a value some- 
what below the average and one which has demon- 
strated itself to be acceptable to users of meters 
over a long period of time. For the 230 volt coil, 
Im is, of course, one half this. 


TEMPERATURE ERRORS 


There are 2 classes of error caused by temperature 
variation. Class I temperature errors are those re- 
sulting from changes in magnitude of the various 
fluxes operating on the meter disk, and occur at all 
power factors of the measured circuit. Class II errors 
are caused by changes in the phase angle relationship 
of the various alternating fluxes as the temperature 
changes. Such errors are important only at low power 
factors in the measured circuit. 

Kinnard and Faus? have fully analyzed the sources 
of error resulting from temperature changes and first 
developed a method of compensating for the so-called 
class I group by the use of a nickel-alloy shunt having 
a negative temperature coefficient of permeability 
on the permanent magnet damping unit. This has 
since become universal on all American makes of 
meters. In the present design, this shunt takes the 
form of a small clip having an approximate nickel 
content of 30 per cent. It can be seen plainly on the 
upper tips of the permanent magnets in figures 13 
and 14. D. T. Canfield’ has also presented a com- 
plete analysis of temperature errors for both class 
I and class II. The class II errors are existent only 
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at power factors less than unity. The low resistance 
potential coil already described in the new design 
minimizes the class II errors at their source instead 
of resorting to compensation. This method of 
minimizing class II errors was also advocated by 
Kinnard and Faus. They are still further reduced 
by the use of a phasing and light load adjustment 
plate having a low temperature coefficient of resist- 
ance. Resultant performance of the meter with re- 
spect to temperature under unity power factor as 
well as inductive loads is given in the appendix. 


MaAIn ELECTROMAGNET GAP 


The smaller the gap for the disk, the more effective 
the electromagnet. Both manufacturing and operat- 
ing experience must be combined to determine a 
desirable minimum value. For a number of years 
gaps as low as 0.1 inch have been used by one com- 
pany, but this value requires excessive manufacturing 
care. A value of 0.125 inch was chosen in the present 
design. This provides ample disk clearance, but 
more than this would be of doubtful value in that it 
is necessary in any event to use a gap of less than this 
amount for the damping magnets which are to fit 
on the same disk. 

With all the main details of the electromagnet 
thus determined, it is merely routine to draw in the 
main outlines and yoke, bearing in mind that 
economy of material and a minimum number of rivets 
are desirable. The potential electromagnet yoke 
has been proportioned to give a flux path of uniform 
cross section. Ineffective excess iron has been 
eliminated. The resultant shape makes it easy to 
thread the laminations through the coil in the as- 
sembly operation. 

Three main spacer and support rivets are used and 
go through the laminations in such positions that 
they are out of line with the main flux paths. These 
are almost equidistant and widely separated so 
that the 3 ends of the spacers determine precisely 
a plane which is parallel to the lamination plane. 


TORQUE REQUIREMENTS 


The electromagnet is a motor and it is necessary 
to decide arbitrarily how much torque it is desired 
to produce from it. The lower the torque, the less 
copper and iron are needed in the complete meter. 
For inany years the ratio of torque produced by the 
moving element in millimeter-grams to the weight 
of this element in grams has been regarded by manu- 
facturers and users alike as a rough measure of the 
merit of a meter element. Current opinion for the 
past few years has sanctioned a ratio of 3 to 1 as good 
practice. This opinion is supported by service 
records over a period of years of many meters which 
have had a ratio of even less than this value. The 
ratio, however, has always been computed for a 
nominal full load condition and fails to take into 
consideration that modern meters are capable of 
3 times this torque. Giving the overload torque 
full credit, a 9 to 1- ratio would exist. 

Actually, users are not anxious to accept a reduc- 
tion in this ratio because in the 5-ampere, 115-volt 
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Fig. 6. Relation of electromagnet stack thickness to 
potential coil ampere turns and losses 


meter it would mean less torque at exceedingly light 
loads. As an example, although a 5 ampere modern 
meter with a 3 to 1 ratio will measure accurately a 
15 ampere load, it will start on only 1/; the watts of 
the old form of 15 ampere meter also having a 3 to 
1 ratio but without overload capacity, or it will 
start on the same watts required by the old form of 
5 ampere meter. Stated differently, the accuracy 
on overload was not obtained at the expense of 
accuracy at light loads. 

Low starting watts and extreme light-load ac- 
curacy are wanted for 5 ampere meters on small 
installations so as to record energy flow because of 
clocks or bell-ringing transformers at times when no 
other loads are existent. On installations requiring 
10 or 15 ampere meters, however, it becomes im- 
practical to detect such a small power flow and, in- 
deed, very unimportant from the standpoint of 
percentage of total energy measured. With the 
growth of loads in the future to take full advantage 
of the capacity of the 5 ampere meter, the problem 
of light-load accuracy will probably not loom so large. 
For the near future, however, it was important 
enough to warrant a maintenance of the 3 to 1 
ratio. 

Much work has been done in the past to make the 
weight of the moving element low because it must 
rest on the jewel bearing. It was possible to carry 
it over without change from the previous design. 
It consists of a light aluminum disk mounted on a 
short aluminum-alloy shaft. It is mounted on the 


extreme lower end of this shaft so as to give the com-. 


plete element a low center of gravity and minimize 
the support, and thus the friction, contributed by 
the upper bearing. The moving element weighs 
15 grams, and a value of 46 millimeter-grams was 
arbitrarily chosen as the nominal full load torque 
of the element. 


ELECTROMAGNET THICKNESS 
Cross section of iron was not. considered as an 


important factor in shaping the lamination because 
within reasonable limits this can be made anything 
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desired by changing the thickness of the lamination 
stack. The volume of iron in the completed electro- 
magnet in order to produce the required torque is 
determined by considering performance with dif- 
ferent depths of stack. 

Figure 6 shows the relation of potential electro- 
magnet loss, W1:, and potential-coil magnetizing 
ampere turns, J,,N, as the stack thickness is varied 
in a completed electromagnet. One set of the curves 
is drawn on the assumption that the desired 46 
millimeter-grams torque is delivered at nominal 


PER CENT REGISTRATION 


200 300 
LOAD IN PER CENT OF RATED CURRENT 


Fig. 7. Accuracy of element on heavy loads before 
and after compensation 


current and voltage at all times regardless of stack 
thickness. The curves assume proper windings on 


the core and dre easily secured by testing a few 


electromagnets with different amounts of laminations 


in each. The stack thickness chosen has been 0.6 
inch, giving a watt loss of 0.9. Under these condi- 


tions, 162 magnetizing ampere turns are required in 
the potential coil, and with 2,700 turns, which are 
used on the 115 volt electromagnet, [,, becomes 
0.06 ampere. 

It is interesting to note that a substantial saving 
in stack thickness could be effected if the industry 
would be willing to accept a smaller torque, a higher 
loss, or a combination of the 2. To illustrate this 
a second set of curves has been drawn on the basis 
of a required torque of 30 millimeter-grams, from 
which it can be seen that a stack depth of only 0.3 
inch is required on the basis of a 1.0 watt loss. 
Similarly, a torque of 46 millimeter-grams could be 
had by raising the loss to 1.6 watts with a stack of 
only 0.375 inch. 


SPEED OF MOVING ELEMENT 


Another arbitrary decision must be made, and 
this concerns the series of disk constants K;, which 
are to be used. This, also, is tied in closely with past 
experience and present standard practice. Three 
manufacturers have consistently used a constant of 
1/; watt-hour per revolution in the 5-ampere 115- 
volt meter for a period of years. This corresponds 
to a nominal speed of 25 revolutions per minute at 
500 watts load. There is little incentive to depart. 
from this speed, and considerable resistance would 
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be encountered from users if it were tried. A lower 
speed would call for a higher torque, if the same power 
output of the moving element were maintained. 
This in turn would eventually require more material 
in both the electromagnet and damping magnets 
and hence would be a disadvantage in cost and 
weight. It would appear that some advantage 
would accrue in less bearing wear from the smaller 
number of revolutions because of a higher constant 
accompanying a lower nominal speed, but little actual 
evidence has accumulated in service to support this. 
At best it could only be an improvement propor- 
tional to the reduction in the number of revolutions 
for a given kilowatt-hour consumption, while the 
demand for bearing improvement far exceeds the 
modest gain that could be obtained in this way. 
The subject of bearings merits a study in itself; 
and, although the jewel and pivot bearing is very old, 
being inherited from the clock art, there is a fair 
amount of evidence that improvements will be forth- 
coming which will be sufficient to fulfill operating 
requirements at established speeds. Such improve- 
ments could include better design, as well as the 
utilization of new materials which would either not 
require lubrication or which could be lubricated with 
greater permanency than present forms. 

A further disadvantage of changing to a lower 
speed is that the meter element must be calibrated 
at light loads by counting revolutions against a 
standard. Since a minimum of one or two revolu- 
tions must be taken, this increases the time for test- 
ing. If stroboscopic testing is used, the difficulties 
are also increased as, even with the present speeds, 
this form of testing is difficult at 10 per cent load. 

A main disadvantage of the high speed is that it 
causes the meter to have a markedly drooping char- 
acteristic in its registration curve at heavy loads. 
Until the advent of satisfactory means of over- 
load compensation, this difficulty might have been 
entirely sufficient to require a lower speed, but, with 
the form of compensation to be described, it has been 
completely removed. The decision was therefore 
made to continue the established noininal speed of 
25 revolutions per minute at 500 watts or multiples 
thereof. 


OVERLOAD COMPENSATION 


The uncompensated element does not have a good 
registration curve. The lower curve of figure 7 
shows this from 5 to 400 per cent nominal current 
load at unity power factor. The shaded area shows 
the amount of compensation necessary, which at 
400 per cent load amounts to over 12 per cent. With 
a compensator, the curve can be straightened almost 
perfectly. The compensator consists of 3 lamina- 
tions of steel (figure 9) held in the position shown in 
figure 8 on a brass slide which is driven into 2 notches 
in the inner faces of the current poles. _ 

Imagine that the compensator is cut into halves by 
removing the magnetic material between the dotted 
lines in figure 9. The areas A and B of the com- 
pensator, being directly under the potential pole, 
will then act as extensions of the current pole faces 
because they are virtually connected with the re- 
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spective poles through the gaps between the com- 
pensator and the pole pieces which extend along 
the perimeter of these poles. 

It was formerly stated that the separation of the 
current pole tips to eliminate overhang reduced the 
torque available from them. The compensator in 
the bisected form completely restores that torque 
so that a registration curve taken on the meter, 
without recalibrating it, is as shown in the upper 
curve of figure 7. It is approximately parallel to 
the former curve and 30 per cent above it. 

If the iron between the dotted lines in figure 9 
is now restored, it is evident that areas A and B will 
tend to assume the same magnetic potential and can 
only differ in an amount equal to the magnetomotive 
force drop across the iron in the shunting portion of 
the compensator, which is roughly represented by 
the iron between the dotted lines. 

At moderate loads the flux leaking on to areas A 
and B on each side of the compensator is so effectively 
shunted as to have little effect. On heavy loads, 
however, the iron between the dotted lines approaches 
saturation, and the areas A and / come into play 
as virtual extensions of the current pole pieces and 
hence increase the torque and thus pull up the droop- 
ing registration curve. 

The middle curve, which is practically flat at 107 
per cent registration, shows the actual effect of the 
addition of the complete unbisected compensator, 
assuming that the adjustments of the meter had re- 


Fig. 8. Current core with 
overload compensator — in 
place 


Fig. 9. Plan view of com- 
pensator 


mained unchanged. Actually, of course, calibration 
to 100 per cent registration is made with the com- 
pensator in place, which gives a flat curve at 100 
per cent. In addition to its corrective effect, there- 
fore, the compensator adds 7 per cent to the torque 
of the meter at all loads. 

Industry requirements for the final registration 
curve are very exact, and the saturation curve of a 
plain single iron path of uniform cross section and 
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length is too sharp to match the required amount of 
compensation as indicated by the shaded area in 
figure 7. For this reason, the shape of plate shown 
has been developed, in which there are 2 shunting 
paths of different length, the longer one passing on 
the outer side of the T-shaped slot. The shorter 
path tends to saturate first, followed progressively 
by the longer one. Thus the knee of the curve is 
rounded off to match the compensation needed. 
Correction can be controlled with exactness by the 
shaping of the laminations and the slots therein. 
Production tests on many meters indicate that uni- 
form compensation can be obtained by this method. 
One contributing factor is the extended gap between 
the compensator and the pole edges, which keeps a 
relatively constant reluctance despite any small 
displacements or changes in dimension of the parts 
in production. 

The laminated structure of the compensator cuts 
down eddy currents in it which would tend to cause 
slight and nonuniform. phase displacement of the 
current flux by reason of the fact that the current 
flux passing through the compensator is nonlinear 
with respect to the magnetomotive force on the cur- 
rent poles. For this reason, the compensator is as 
accurate on inductive loads as it is on unity power 
factor circuits. Table II gives the typical compen- 
sated registration curve data as determined ac- 
curately from a large number of meters of various 
voltage and current ratings. Note that the accuracy 
on inductive loads is almost identical with unity 
power factor accuracy, which means that throughout 
_ the wide range of from 3 to 400 per cent load, ac- 

curacy is independent of changes in power factor. 


PERFORMANCE CHARACTERISTICS 


The new meter element was arranged primarily to 
function with a powerful and accurate heavy load 
compensator such as that described. By taking 
advantage of what the compensator could do many 
indirect advantages were obtained. Without the 
compensator, it would not have been possible to use 
such a high value for the current pole ampere turns 
and still keep the potential coil ampere turns at a 
low value... Hence the compensator is responsible 
indirectly for the simple series of current pole turn 


Fig. 10. Meter 
element without 
the register, show- 

ing the frame 


1080 


values as well as the low losses in the potential 
electromagnet. In addition to straightening out 
the load curve it also contributes substantially to 
the torque of the element, even at moderate loads. 
All of the performance characteristics of a meter are 
interlocked in a substantial amount and there is 
scarcely one of them which is not affected favorably, 
at least in some degree, by the presence of the com- 
pensator. 

A very few comparisons with the superseded design 
will serve to bring out some of the gains in the motor 
element. The complete weight of the old type 
electromagnet was 2.34 pounds and in the new it is 
1.76, a reduction of 25 per cent. Even with the 
decreased weight the new element has 10 per cent 
higher torque. Potential-coil magnetizing currents 
are the same for both old and new elements but the 
new has 10 per cent lower watts loss in the potential 
coil. Current coil carrying capacities in the old 
meter were ample for 300 per cent load, and in the 
new meter these were increased slightly and the 
current coil insulation given a greater factor of safety. 

Problems relating to the performance of meters 


Table II—Compensated Registration Curve Data 


Per Cent Registration 
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Power Factor 


Per Cent of Rated 
Full-Load Current 
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’ Power Factor 
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Above data based on the assumption of correct calibration at 10 per cent and 
100 per cent load, and are average or typical performance, from which individual 
meters should not vary by more than 0.5 per cent 


under variations of power factors, voltage, frequency, 
and wave form are fully described in texts on meters 
such as that by Jansky* or Knowlton.’ For a 
period of years this performance has been so excel- 
lent as to leave little to be desired. For reference, 
a brief tabulation of various standard performance 
data including such items is given in appendix I. 


DESIGN OF FRAME 


The electromagnet is supported on a cast frame at 
only 3 points by means of the spacer rivets passing 
through it. Immediately below each spacer rivet 
is a support lug having a hole in it through which a 
screw may be passed to fasten the electromagnet to 
any desired base. These 3 support lugs practically 
coincide in position with the 3 spacer rivets. Thus 
the 3 point support scheme is carried out in such a 
manner that warping or displacement of the base 
cannot possibly communicate any distortion to the 
meter itself. . 

Figure 10 shows a complete meter element minus 
the register so that a better view of the frame can be 
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obtained. With only 3 support screws through the 
lugs on the rear of the electromagnet, the element 
_ can be fastened to any type of base without affecting 
its adjustment or operation. These screws are ac- 
_cessible from the front without difficulty with the 
meter completely assembled. Similarly, the 3 screws 


holding the frame to the electromagnet are also 
easily accessible with the meter completely as- 
sembled. 

The current coil ends on all ratings of electro- 
magnets are terminated in such a position that the 

_ binding screw heads passing through them can be 
conveniently operated from the front of the frame, 
if desired, without removing it from the electro- 
magnet. Thus the frame and the parts which it 

_ supports, when screwed onto the clectromagnet, 
comprise a complete measuring element, irrespective 
of any support or positioning contributed by the base 
and, indeed, can be mounted in any type of base with 
equal convenience. This is important as trends in 
the last few years have indicated that the forms of 
enclosure for meters, including the bases, may be 
subject to considerable modifications in design. 

The new construction is such that a meter, even 
in its installed condition, can have its entire element 

_ removed from its base, working from the front with- 
out disturbing any other part. Similarly, the frame 
alone and all the parts which are carried by the frame 
can be removed without disturbing the electromagnet 
in the base. In addition, any part carried by the 
frame can be removed and put back without dis- 
turbing either the frame or the electromagnet. Any 
of these things can be done with a screw-driver, 
operated from the front, and without changing the 

- calibration of the meter. 

From the standpoint of electrical characteristics, 
such matters of arrangement of parts may seem 
trivial, but they loom large to the operator who must 
take care of large numbers of different makes and 

_ types of meters. To the casual observer they may 
seem obvious and easy to accomplish, and only by 
comparison with the many models and types which 

_ have gone before can the advance in the form of 
simplicity be recognized. It is in these problems 
affecting simplicity and space engineering that sug- 
gestions and requirements from operating engineers 
from many sections of the country have counted 
heavily in influencing the final design. 

The frame carries the moving element with its 
upper and lower bearings together with the damping 
magnet unit. These are readily visible in figure 10. 
Much care was used to secure proper strength in the 

‘frame because these elements must be supported in 
fixed and unchanging relation. 


CONSTRUCTION OF DAMPING UNIT 


All of the American meter producers now use a 2 
magnet unit similar in general construction to that 
shown in figure 11. Such units have given success- 
ful performance in a great many meters over a long 
period of years so that there are a number of their 

_ design features which need not be discussed, as they 
are matters of routine. Among these are kind of 
steel, heat treatment, and forging. 
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Fig. 11 (left). Damping unit with full load adjustment 


Fig. 12 (right). Potential magnet with light load 


adjustment 


The damping strength required is definitely fixed 
from the torque and the speed, which have already 
been discussed. The design problem consists in 
getting this from the unit with maximum economy 
and with an adequate factor of safety. 

The first consideration is the length of gap, and 
here again the result of much operating experience 
comes into play. The smaller the gap, the more 
effective the magnet for a given weight of steel; 
but small gaps carry with them the disadvantage of 
very smaJl tolerances and the very important operat- 
ing factor that any magnetic dirt or filings in the _ 
meter will get stuck in a narrow gap and very 
probably scrape on the disk. Past successful opera- 
tion has resulted in many meters with gaps as low 
as 0.078 inch, while some have operated with gaps 
as high as 0.125 inch. For the present design, a 
minimum of 0.090 inch was chosen. 

The bearings and shaft are designed to bring 
the disk’accurately in the center of this permanent 
magnet gap without necessity for vertical adjust- 
ment. This is checked by gauges at the proper 
stages of manufacture; and, when accomplished, 
the position of the disk in the electromagnet gap 
will also be correct with some margin to spare be- 
cause the electromagnet gap is 0.125 inch in width. 

The shape of the magnet is chosen to give it an 
adequate length for permanence and also to avoid 
sharp bends which are difficult to make and which 
tend to start cracks which are ruinous to a good 
magnet. The shape must also be worked out to 
provide as much room as possible above the magnets 
for the register mechanism, which must also include 
demand registers for some meters, and in demand 
registers space is always at a premium. In the 
present unit, the length of each magnet is approxi- 
mately 65 times the minimum length of gap, and in 
past practice 50 times has been considered adequate. 
A thick magnet section has been avoided as the steel 
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near the surface responds most readily to heat treat- 
ment and is most efficient. 

The 2 magnets are permanently fixed in a brass 
clamp which holds them at the most efficient damping 
radius from the center of the disk, and adjustment is 
secured by a soft iron bar below the disk which slides 
in and out to shunt a variable portion of their flux. 
This bar is chosen to shunt no more of the flux than 
is absolutely necessary to secure the proper range of 
adjustment so that all other available flux is actually 
effective for damping purposes, with the exception 
of that passing through a small nickel steel clip on 
the top poles of the magnets. In figure 11 the clip 
is not shown on the pole tips so that the view of the 
full load adjustment bar is not obstructed. This 
clip has a negative temperature coefficient of perme- 
ability and reduces the so-called class I temperature 
errors of the meter to a negligible value. 

The merits of the design can be measured by fully 
magnetizing a unit and applying it toa meter. With 
the new design, under this condition, the damping 
effect is approximately twice that necessary, being 
sufficient to cause the meter to run at 50 per cent 
registration instead of the desired 100 per cent. The 
unit is, therefore, brought down to the desired 
strength by demagnetization before it is used. An 
alternating magnetomotive force is applied to each 
magnet for this purpose. The flux remaining in the 
magnet will subsequently be unaffected by any other 
accidental demagnetizing force having a lower value. 
In the new unit, the demagnetizing force for each 
magnet exceeds 250 ampere turns. 

Mechanical and thermal abuse on meters in service 
is rarely serious. A far more likely cause of magnet 
weakening is electrical disturbance such as severe 
short circuits, or effects of lightning, which result 
in demagnetizing stray fields. The coercive force 


Fig. 13 (left). 


Bottom-connected single-phase meter 


Fig. 14 (right). 


Socket-type single-phase meter 


or the amount of demagnetizing that a magnet unit 
is able to stand is, therefore, a most important indica- 
tion of its stability and permanence. Because 
permanency is the very heart of value in a meter, 
the magnet unit should be proportioned not only 
efficiently but generously. Numerous laboratory 
and service tests were, therefore, run with respect 
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Fig. 15. Two- 
element _— meter 
without cover 


Note similarity to 
single phase con- 
struction, and open- 
potential-coil indi- 
cators 


to the new unit. 


Its resistivity to abnormal condi- 
tions was found to be closely proportional to the a-c 
demagnetization required. This factor was found 
to range from 50 per cent to 90 per cent higher than 
for similar successful designs which had preceded it, 
when measured under the same laboratory conditions. 


ADJUSTMENTS 


A new feature of the full load adjustment on the 
damping unit is that the soft iron bar is pushed in 
and out on a screw arranged to be free from back 
lash so that small movements of the screw in either 
direction immediately produce corresponding changes 
in calibration. The screw requires no clamping to 
make the adjustment permanent so that the effect 
has been described as a ‘‘micro-set’” adjustment. 
A departure from all previous designs is that the 
adjustment screw is operated by a screwdriver from 
the front of the meter. The entire magnet unit can, 
of course, be removed from the frame without af- 
fecting the adjustment or the resultant calibration. 

The light load adjustment consists of the usual 
closed turn in the shape of a metal plate surrounding 
the lower end of the potential pole. It is shown in 
detail in figure 12. By means of a split nut and lever, 
it is made to operate in micro-set fashion from the 
front with a screw-driver. It is important to note 
that, since the light load adjustment operates by 
reason of its relative position with respect to the 
potential pole, the proper place for it to be mounted 
is actually on the potential electromagnet rather 
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BALANCE ADJUSTMENT PLUG 
Fig. 16. Open-potential-coil indicator construction 


COIL 


than on some extraneous part, such as frame or base. 
This detail makes light load adjustment independent 


of accidental displacement of any other parts with 


respect to the potential pole. 

Very little phasing is required to bring the potential 
flux of the pole in exact quadrature with the applied 
voltage. The light load plate more than supplies 
this, making it possible to accomplish the phasing 
adjustment differentially by a small coil of a few 
turns on each current pole. This coil is closed 
through an adjustable resistance. When adjusted 
to the correct value, it is soldered and the operation 
ordinarily is permanent and does not have to be 
repeated. 


ENCLOSURES 


Figure 13 shows a completed single phase element 
in a front connected case, and figure 14 shows the 
same meter in a base for detachable mounting in a 
wiring socket. Discussion of various cases and 
their modifications comes outside the scope of this 
paper. Their importance with respect to the meter 
design results from the fact that the meter element 
must be easily adaptable to them. In this the new 
design fulfills requirements not only as to present 
cases, but will allow much flexibility in future 
requirements. 


POLYPHASE DESIGN 


Once complete, it should be possible to apply the 
single-phase element interchangeably to multiple 
element designs. The same accessibility of parts 
from the front of the meter can also be obtained. In 
general, the multiple element unit should have the 
same performance as the single element. Only one 
detail need be added to the single units to make then 
adaptable, and this is some form of torque adjusting 
device which may be used to vary the torque output 
of the electromagnet uniformly at all loads so that 
balance of torques between elements can be secured 
when several electromagnets all operate on one 
moving element. 

This should be some device which can easily be 
applied to any existing electromagnet without chang- 
ing its form, because interchangeability between 
elements, as far as stocking for repair or manufacture 
is concerned, would be disturbed even by a modifica- 
tion as slight as the use of special length leads for 
the potential coil. In the new design, this balancing 
has been accomplished by inserting a small adjustable 
reactance in the potential circuit of each electro- 
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magnet. Since this is an entirely separate part, it 
fulfills the foregoing requirements. 

There is an additional advantage in this method 
because another and separate function can be ob- 
tained from this device, since it can be used as an 
open-potential-coil indicator. Figure 15 shows a 
complete 2 element watt-hour meter with cover 
removed and the indicators in place; figure 16 shows 
the indicator construction. 

An indicator of some form is necessary on poly- 
phase meters because open potential coils are diffi- 
cult to detect as the entire meter does not stop if 
only one element is affected. In the electro- 
mechanical indicator shown in figure.16, the magnetiz- 
ing current I,, of the associated potential element 
passes through its coil. The impedance drop through 
this coil is only 8 per cent of the total applied poten- 
tial, and hence there is little torque sacrificed. When 
the indicator is energized, the target is pulled up 
into a conspicuous position to show that the element 
is “ON”. Similarly, the target will drop down to 
show “OFF” conspicuously if J, is in any way 
interrupted. The indicator coil is as well insulated 
and of the same size wire as the potential coil which 
it protects and cannot burn out for any cause less 
severe than that which would cause failure of the 
main coil. A high degree of reliance can, therefore, 
be placed on the indication. 

The permeance of the magnetic circuit through the 
indicator coil can be varied by changing the position 
of an iron balance plug in this circuit which changes 
the impedance drop through the coil to give the 
adjustment required. This adjustment also has been 
made micro-set by means of a screw passing through 
the plug. Operating the balance adjustment changes 
the torque of the meter element a uniform percent- 
age under all conditions of load, and does not affect 
the phasing adjustment in an appreciable degree. 


Appendix 


The accompanying tables give miscellaneous performance charac- 
teristics of the new design for 60 cycle meters, both single phase 
and polyphase, in all voltage ratings and in all current capacities, 
including the 50 ampere rating. Average values are given for the 
typical meter. Small manufacturing variations and local conditions 


Table Ill 


Per Cent Registration at Full Load 


Per Cent of 
Rated Voltage 


Unity 
Power Factor 


0.5 Lagging 
Power Factor 


SH vena vekeelocioette erneaciaes LOOM rota tages eres 100.1 
100. 100.0 100.0 
115. CM) 2 99.6 


of test and installation may cause the individual meter to vary 
slightly from the average performance, but never by a substantial 
amount. The effect of voltage variation on meter registration is 
shown in table III. The data in the table are based on the assump- 
tion of correct calibration at a reference voltage within the rated 
voltage limits as given on the nameplate of the meter, and were 
taken at full load. However, nearly identical performance with 
respect to variation in voltage is obtained at all other loads between 
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10 per cent and 3800 per cent. ‘Note that the readings with inductive 
load practically coincide with the readings at unity power factor 
loads. ; 
The effect of frequency variation on registration is shown in 
table IV. For present day electric distribution circuits, these errors 
are negligible. , 
Variation in registration caused by temperature is shown in 
table V, for which correct calibration at 10 per cent load and 100 per 


Table IV 
Per Cent Registration at Full Load 
Unity 0.5 Lagging 
Cycles Power Factor Power Factor 
5 Re See OOS Ae iceres ciateeniheneee opie OLS 
COM et LOOE Oo Sten afecon es eheltonsrsstr LOU WO 
GS ee OO TCE Eseries sara se ye LOOKS 


Table V 


Per Cent Registration 


Temperature, Degrees 


At Unity At 0.75 At 0.5 
Fahrenheit Centigrade Power Factor Power Factor Power Factor 

Se ee Martane ee Oana: axis OOK Dass ee LOOW DO serauserhetl Osis 
WA Nea eek sy ote 's mi ton pores LOO Las er LOOM eer rae LO LES: 
Bare te Na Oe aes 100 ene LOOMOB Mae yee eek OL a2 
DOM aire | AO ineenttiaarnisis LOOLO, ee LOO Om mere costn rect OO 40) 
OSmeeiiete. TOU te ths ce LOO Ose pete ROO Oe coy: siais vig LODO: 
SO ake a ate ihe BO race ys LOO. On: i ok 99595: eacroa tote ko O 
ee et re A ot, bec ROOT Ls « 00 QOL Soca aE OKO 
DOO ate ob hie SObeicnrsiGkt itl OO Roe £90.80. Eee 98.4 


Temperature coefficient per degree centigrade at unity power factor = 0 
Temperature coefficient per degree centigrade at 0.5 lagging power factor = 
0.055 per cent 

At approximately 0.75 lagging power factor, all temperature errors are sub- 
stantially zero 


cent load and correct power factor adjustment at 20 degrees centi- 
grade are assumed. The variations shown are typical and average 
for all loads between 10 per cent and 300 per cent. 


MISCELLANEOUS DATA 
(For 5 amperes, 115/120 volt, single phase meters) 


Potential element exciting current at 115 volts............ 0.06 ampere 
Potential element coil resistance........................72 ohms 
Potential element loss at 115 volts....,.................0.9 watt 
Powermlactoror potential coilyi..06 asses eon ee. OLS 
Blectromagnet disk air gapiin.... beck as eves ule sc cere oo 10. 125iinch 
MD TATE TCEL OL ACIS IE Secereve fersi(oh Nats tee -h 126 2 als foie ade oie ole ofolaeMans. cote anehes 
BI CkReSSHOIsGiSk ciel deters (inns e oinie the er b-0/8 eseleuniers sels Zale dees ool OOO neh 
Weight of moving element..... .-15 grams 


Full load torque (at 575 watts).............20005 j ¥. .46 millimeter-grams 


DRATIOSCORCUC CONWeISINE 5 5 sats tite evade: sretaurea) eels, ehsiataehnenenaneen 3 
SpecalolsdisksatwoOO watts acratat inns teite las ohaletalsielsislel caries LOTS pits 
Wit tL OMIECOHStANC citer tel cefotriss sate ainiattat cle ese ye cueicieieeeeret fb 
Resistance of current coil circuit......................-.0.010 ohm 
Current coil loss at 5 amperes... ..,........eeee-+0+--+--0.25 watt 


Range of adjustment at light load....2.......c.ccecceces 80 to 120 per cent 
Range of adjustment at full load........................85 to 120 per cent 


Were hofiserviCe ty Des yee genie carr e biota: anbatreslos won eT eu Dulbs: 
Weight of plug-in type (without socket).................6.6 lbs. 
Weight of socket for plug-in type..................+....:2.1 Ibs. 
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Control of Potential 
over Insulator Surfaces 


To reduce radio interference caused by 
corona from pin insulators, adherent con- 
ducting coatings or films usually are applied 
to the central portions of the heads of the 
insulators, and metal thimbles or conducting 
coatings in the pin holes. By extending 
the coating to cover the entire head and by 
using a coating of the proper resistivity, the 
voltage at which corona occurs can be 
raised considerably without materially 
lowering the flashover voltage. This paper 
calls attention to the principle of controlling 
the potential distribution over surfaces of 
insulators by utilizing the resistance drop 
in potential resulting from the flow of 
charging current in high resistance films. 


By 
EDWARD BENNETT 


FELLOW A.1.E.E. 


GORDON FREDENDALL 


ASSOCIATE A.I.E.E. 


Both of University of 
Wisconsin, Madison 


Bais: DISCHARGES in the film 
of air that separates the porcelain surfaces of pin 
type insulators from the adjacent surfaces of the 
line and tie wires have been a troublesome source of 
radio interference on moderate-voltage power-trans- 
mission lines. Laboratory tests indicate that any 
commercial pin insulators, regardless of the manu- 
facturer’s voltage rating, may be expected to give 
rise to radio interference if operated at effective line 
voltages exceeding 8 kv to ground, unless the insu- 
lators be provided with caps or conducting coatings 
which eliminate the discharges from the line and tie 
wires to the insulator surfaces. 

To eliminate these brush discharges it is the usual 
practice to apply an adherent conducting coating or 
film to the central portion of the head of the insulator 
extending about one inch out beyond the tie wire 
groove and to employ a metal thimble or a conducting 
coating in the pin hole. The prevailing practice is 
to have the resistance of these coatings so low that 
the entire coating assumes the potential of the line 
wire or of the pin with which it is in contact. This 
A paper recommended for publication by the A.I.E.E. committee on power 
transmission and distribution, and scheduled for discussion at the Great Lakes 


District meeting, Lafayette, Ind., Oct. 24-25, 1935, Manuscript submitted 
July 1, 1935; released for publication August 9, 1935. 
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means that there is a tendency for a brush or corona 
discharge to occur at the edge of the coating, al- 
though the voltage between line and ground neces- 
_ Sary to cause this corona usually is higher than the 
voltage necessary to cause corona on the uncoated 
insulator. 

_ This paper points out that by extending the coat- 
ing to cover the entire head, the voltage at which 
corona occurs can be raised greatly without mate- 
tially lowering the flashover voltage of the insulator 
provided the following principle is utilized: The 
resistivity of the coating must be increased to the 
range of values at which the IR drop in potential 
from the line wire to the peripheral edge of the 
coating is as great as possible consistent with no 
material decrease in the flashover voltage of the 
insulator. The current that causes the drop in 
potential toward the periphery is the radially directed 
charging current that flows in the coating. 

Briefly, the paper calls attention to the principle of 
controlling the potential distribution over surfaces 
of insulators by utilizing the resistance drop in 
potential resulting from the flow of charging currents 
in the high resistance films with which the surfaces 
are coated. It presents the current-voltage equa- 
tions for several simple geometrical forms, and the 
results of experimental confirmations of the principle. 


POTENTIAL EQUATIONS 
FOR HIGH RESISTANCE FILMS 


Disk. If the head of a pin insulator be coated 
with a conducting film of known resistivity, the 
differential equations of the film relating current, 
potential, and distance cannot be solved because of 
the impossibility of expressing the capacitances of 
the successive circular zones of the film. A simple 
geometrical form, susceptible of solution, which to 
some extent resembles a coated insulator head, is 
illustrated in figure 1. It consists of an insulating 
disk of glass or porcelain, A, resting on a metal 
plate, B. On the upper surface of the disk is a thin 


Fig. 1. Disk in- 
sulator model 
somewhat similar 
to a coated insu- 

lator head 


circular conducting sheet or coating, C, of high (and 
uniform) resistivity. Concentric with this coating 
and resting on it is a circular metal electrode, D. _ 

If a sinusoidal electromotive force be applicd 
between the circular electrode D and the metal plate 
B, a conduction current from the electrode flows 
radially in the high resistance coating to charge the 
successive circular zones of the coating to the appro- 
priate potentials. If for figure 1: 


x represents the radial distance from the center of the coating to any 
circular zone of width dx 
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a and b represent, respectively, the radii of the metal electrode D 
and the coating C 


z represents the instantaneous value of the current in the outward 
direction in the zone of radius x 

é represents the potential of the zone of radius x relative to the 
metal plate A 

p represents the permittivity of the disk in coulomb-volt-centimeter 
units 


y represents the resistance between opposite edges of a centimeter 
square of the high resistance coating 


then the resistance of the zone of radius x is rdx/2rx, 
and its capacitance to the metal plate, a, is 2rxpdx/h. 


5 ‘ nce ah Ae 
heen BRN 
a = 5.0 centi- 


meters 
pe=iO ~~ SES5 ax 
1\Ojme* tinh cou 


EH 
icf a Les ae a 


lomb - volt - 

centimeter 

units 5 7 9 rT 13 15 
w = 27 60 X CENTIMETERS 


Fig. 2. Distribution of potential over high resist- 
ance coating of disk insulator shown in figure 1 for 3 
coating resistivities (in ohms per centimeter square) 


The capacitance from the upper surface of the zone 
to ground may be ignored, or it may be allowed for 
approximately, depending on the configuration of 
the ground surfaces. 

Accordingly, the differential equations for the film 
are 


rey) 2rpx Oe 

Bes (1) 
Ox Ov 

oe Yt 

See tees Zz 
Ox Qax (2) 


Writing the expressions for the sinusoidal current 
and potential difference in the exponential forms, 


4 =T exp jot 


e = Eexp jut (3) 


in which w represents 2xf and the amplitudes J and 
E are functions of x. Substituting these expressions 
in equations 1 and 2 the following equations result: 


ol _ IrpxwH 

Ther pedi eee ee 4 
ox ui h S) 
OF rT 

ox Sal 27x (S) 


Eliminating J between these equations, 


fog a) 1 OF jv 


un OX h 
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This is Fourier’s equation; its solution written in 
terms of the ‘‘ber’”’ and “‘ker’’ functions is’ 


E = E, (ber mx + j bei mx) + Ey (ker mx + j kei mx) (7) 
in which 
a ede (8) 


h 


Evaluating the integration constants £, and £, to 
satisfy the boundary conditions, namely, J = 0 at 
x = band E = E, (the impressed voltage) at x = a, 
their values are found to be 


Af 
TE ES eee re 
BC — AD 
BE, 
in : 
: ie 708 oe 
in which 
A = ker’ mb + 7 kei’ mb 
B = ber’ mb + 7 bei’ mb (10) 
C = ker ma + j kei ma 
D = ber ma+ 7 bei ma 


When numerical values are assigned to the con- 
stants appearing in the solution, a series of curves 
may be constructed giving the potential variation 
over the high resistance film for different values of 
the surface resistivity 7. Such a family of curves 
appears in figure 2. 

Parallel Stream Line Flow of Charging Current in 
High Resistance Films. Instances arise in practice 
in which the presence of corona at the peripheries of 
capacitor plates is undesirable. In many such in- 
stances the potential gradients in the vicinity of the 
edges of a highly conducting plate can be reduced to 
values lower than the critical value for corona by 
applying a high resistance border strip as illustrated 
in figure 3. The charging current which flows 
through the dielectric between high resistance strips 
causes a resistance drop over the strips thus leading 


Fig. 3. Parallel 


plate capacitor 


to lower potential gradients around the periphery of 
the modified capacitor plate than would obtain 
otherwise without the strips. 

In performing puncture tests on metal sheathed 
cable, some expedient usually is employed to prevent 
abnormally high potential gradients at the edge of 
the sheath. The principle of obtaining controlled 
potential distribution by means of a resistance drop 
in a high resistance film may be used to considerable 


1. See reference at end of paper. 
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advantage in this practical instance. Figure 4 illus- 
trates how the effect may be obtained with high re- 
sistance paint or tape applied over the cable dielec- 
tric beginning at the edge of the sheath. 

The differential equations that approximately 
govern the flow of current and potential distribution 
over high resistance films applied to a cable test 
specimen or to a parallel plate capacitor as shown in 
figures 3 and 4 are linear and possess a solution ex- 
pressible in terms of exponential and trigonometric 
functions. This is true also for numerous other 
applications that are characterized by parallel stream _ 
line flow of current in the high resistance film. 

If a sinusoidal voltage be impressed across the 
parallel plate capacitor or cable specimen of figures 
3 and 4, respectively, and if 


x represents the distance from the edge of the metal to any zone of 
width dx 


Z represents the instantaneous value of the current in the x direc- 
tion per unit width of the zone dx 


e represents the potential of the zone dx relative to the corresponding 
zone on the opposite side of the dielectric 


C represents the capacitance per square centimeter of coating 
ry represents the resistance measured between opposite sides of a 


centimeter square of high resistance film 


then the differential equations for the film are 


di P) 

Bee gee (11) 
Ox ot 

oe Ri (12) 
Oe. ae 

Ox 


For the parallel plate capacitor of figure 3, having 
resistance strips on both faces, the resistance F is 


Fig. 4. Cable test 


specimen 


HIGH RESISTANCE STRIP? 'NSULATION 


equal to 27; for the cable illustrated in figure 4, the 
resistance Kk is equal to r. 

Performing the following substitutions for the 
sinusoidal current and potential difference in the 
exponential forms, 


t = Texp jut 

é = Eexp jot (13) 
the following equations result 

ol : 

= a jCwE (14) 
SOE 

ox a>) 


Eliminating J between equations 14 and 15 yields 


O28 4 
== = kale, = © 


Ox? (16) 
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‘The solution of this linear differential equation is 


E = EF, e~** (cos kx — j sin kx) + Exe®* (cos kx +jsinkx) (17) 
in which 


(18) 


Upon evaluating the integration constants E, and 
FE, to satisfy the boundary conditions, namely, 


I = Oatx = b (the distance to the edge of the coat- 


ing) and E = Ey (the impressed voltage) at x = 0, 
it is found that 
Bi Eve®® (cos kb ie j sin kb) (a9) 
2 (cosh kb cos kb + 7 sinh kb sin kb) 
and 
ear feser 
Ey Eo (cos kb — j sin kb) (20) 


~ 2 (cosh kb cos kb + 7 sinh kb sin kb) 


Numerical values pertaining to any example to 
which the differential equations 11 and 12 apply may 
be substituted in equation 17 for EF, and curves may 
be drawn for the potential distribution over the film. 


APPLICATION OF A HIGH RESISTANCE FILM 
TO THE PIN TYPE OF INSULATOR 


The method of controlling the potential distribu- 
tion over the surface of a dielectric by utilizing the 
_ resistance drop resulting from the charging current in 


’ a high resistance surface film may constitute a prac- 


interference from the pin type of insulator. 


tical solution of the problem of eliminating radio 
As 
already pointed out. radio interference is caused by 
corona at the tie wire and pin hole, or on some special 
insulators, at the edge of a metallic flux distributor. 
In some instances, interference at low line voltages 
may arise also from corona in constricted regions 
between shells or over cement junctions, but it has 
been demonstrated by several manufacturers that 
these sources of radio interference can be eliminated 
by one piece construction and attention to proper 
geometrical configuration if the operating voltage 
does not exceed the rated voltage appreciably. 

In order to obtain experimental confirmation of 
the effectiveness of the principle when applied to a 
pin insulator, a 50-kv one-piece commercial insulator 
without metal cap or thimble was selected as a model 
to receive coatings of different resistivity and di- 
ameter on the head and complete coating in the pin 
hole. The procedure followed in determining the 
lowest voltage giving rise to radio interference was 
to reduce the applied insulator voltage, beginning 
with a high value, until no interference could be 
detected by a superheterodyne radio receiver placed 
6 feet from the insulator. The results of these tests 
are shown in figure 5. Radio interference measure- 
ments were not extended above a line voltage of 66 
kv (16 kv above the manufacturer’s rating), at 
which voltage corona appeared between the shells 
of the insulator. For all other tests, corona made 
its first appearance at the periphery of the coating. 

It should be noticed especially that the low re- 
sistance coatings (r < 10% ohms per centimeter 
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square) offered relatively little protection against 
radio interference and that prohibitive reduction in 
the flashover voltage occurred whenever the diameter 
of this coating was large enough to afford any appre- 
ciable advantage over the simple uncoated insulator. 
However, figure 5 depicts also the unique property 
of the high resistance coating of reducing the poten- 
tial at the coating periphery to the extent that no 
radio interference existed in the voltage range 0-66 
kv with coatings of large diameter. Furthermore, it 


= —A 
4 


40 


EFFECTIVE KILOVOLTS 
fos] 
{e) 


Diameter of tie wire 


groove, 10 centi- 
meters; diameter of 
top shell, 28 centi- ie) 


10 15 


20 
DIAMETER OF COATING, CENTIMETERS 


meters 


Fig. 5. Dry flashover voltage and lowest voltage 

causing radio interference from a 50 kv pin insula- 

tor versus diameter of conducting coating on the 

head for 3 coating resistivities (in ohms per centi- 
meter square) 


is important to note that there was no material de- 
crease in flashover voltage of the insulator. 

It may be observed also that a latitude of at least 
100 fold in the value of coating resistance on the 
head and in the pin hole is permissible without leading 
to radio interference. The upper limit for resistance 
will be attained when the potential gradient near the 
tie wire becomes large enough to cause corona and a 
lower limit will be set when the reduction of poten- 
tial at the periphery of the coating is not sufficient to 
prevent corona. 

A suitable manufacturing process for imparting the 
proper resistance to the head and pin hole of the pin 
insulator has not been devised. Temporary films 
were employed successfully for experimental pur- 
poses iu the laboratory, but it is evident that a coat- 
ing intended for service in the field must be per- 
manent under the influence of a variety of destruc- 
tive agents. The best method of imparting the 
resistance to the proper surfaces of the porcelain 
insulator would appear to be the use of a surface 
glaze possessing the desired resistivity. If this plan 
be followed, the resistance of the glaze in the line 
and tie wire grooves should be much less than that 
required on the head in order to avoid poor tie wire 
contacts and high potential drops in the region sur- 
rounding these points of contact. 
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Pyrochemical Behavior 
+ Cellulose Insulation 


Tests on unbleached unsized linen paper of 
high purity indicate that the physical de- 
fects implied by the various pyroelectric 
theories of insulation failure appear second- 
ary to, and manifested as a result of, the 
chemical changes involved. These chemi- 
cal changes result in both increased power 
factor and decreased dielectric strength of 
the insulation. The investigation shows 
that chemical results of overheating of cellu- 
lose insulation in service may be disastrous 
even within a range of temperatures not 
generally associated with dangerous physi- 
cal effects. 


By 
F.M. CLARK 


ASSOCIATE A.1.E.E. 


General Electric Co., 
Pittsfield, Mass. 


a. EAT DISSIPATION has long been 
recognized to be one of the most important factors 
upon which the successful operation of commercial 
dielectrics depends. Cooling surfaces must be so 
arranged that excessive heating is avoided. The 
general acceptance of the various pyroelectric 
theories of insulation breakdown! has reflected 
the universal importance associated with the thermal 
characteristic. The physical effects of cumulative 
heating have occupied the attention to such an ex- 
tent, however, that in many instances the chemical 
changes produced have been overlooked. Unlike 
the physical results, the chemical effects of cumula- 
tive heating rarely, if ever, are recognized as being 
directly connected with the dielectric failure of 
insulation. The chemical results of overheating 
may be disastrous even within a range of tempera- 
tures not generally associated with dangerous physi- 
cal effects. The insidious chemical action is of slow 
growth and may be traced only with difficulty. Inits 
final stages, dielectric deterioration from chemical 
causes becomes physically manifest in accordance 
with the usual pyroelectric phenomena. The pur- 
pose of this paper is to trace the chemical change in 
cellulose insulation directly produced from thermal 
causes, the occurrence of which seriously may affect 
the successful use of the insulation as part of electri- 
cal design. 


A paper recommended for publication by the A.I.E.E. committee on research 
and scheduled for discussion at the A.IJ.E.E. winter convention, New York, 
N. Y., Jan. 28-31, 1936. Manuscript submitted June 6, 1935; released for pub- 
lication Aug. 20, 1935. 
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As illustrative of cellulose insulation, unbleached 
unsized linen paper of high purity was used in this 
investigation. It is recognized that chemical reac- 
tions are affected greatly by contaminating mate- 
rials. As such, ligneous matter in other types of 
paper as well as sizing or other fillers might well be 
expected to produce variations in chemical stability. 
Unbleached linen paper was selected as being repre- 
sentative of a commercial type of cellulose insula- 
tion substantially free from such secondary effects. 
The paper used was 0.0005 inch thick. 

From the results obtained it is concluded that for 
the successful application of cellulose insulation as an 
integral part of electrical machine design, proper 
consideration of thermal phenomena is fundamentally 
essential. Important though they may be, the 
physical effects implied by the various pyroelectric 
theories of insulation failure appear secondary to, 
and manifested as a result of, the chemical changes 
involved. Cellulose insulation, as represented by 
unbleached unsized linen paper, deteriorates me- 
chanically and electrically as a result of thermally 
produced chemical changes clearly evident at tem- 
peratures higher than 100 degrees centigrade even 
when of relatively short duration. These chemical 
changes not only produce increased power factor 
but are accompanied by gas formation with subse- 
quent decrease in dielectric strength. Even for 
lower temperatures not normally associated with 
short time chemical change, cellulose insulation may 
deteriorate with consequent decrease in electrical 
characteristics if high potential stress be applied con- 
currently. 


REMOVAL OF MOISTURE FROM CELLULOSE 


Mechanical as well as electrical properties of 
cellulose insulation are associated with its water 
content, which is present both as an absorbed sur- 


Fig. 1. Relation be- 
tween oil absorption 706 
by paperand thermally 2 
=] 
produced chemical < 
change gauged by 2° 
means of the acidity &% 
value > 
Eo 
This figure is based upon 5 
data of tables|andll. For cs 
acidity test, see footnote th ) 
(*) under table | < 
-0.2| | 
20 30 40 50 60 


OJL ABSORPTION IN PER CENT BY WEIGHT 


face film and as an integral part of the chemical 
structure. The drying of the material in prepara- 
tion for its use as a dielectric involves the removal of 
the absorbed water film. Like the removal of all 
films, the separation of the absorbed moisture pre- 
sents increasing difficulty as the drying progresses. 
Elimination of the final traces merges into the re- 
moval of the molecularly associated water. The 
exposure of cellulose to progressively higher and 
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Table 


I—Chemical Change in Unbleached Linen Paper Produced by High Temperature in Air, as a 


Function of the 


Method of Exposure 


Properties of Paper After Treatment 


In Loosely Wound Rolls 


In Tightly Wound Rolls 


Oil 


Oil 
Absorp- Width, Absorp- Width, 
Treatment Color Acidity* tion** Inches Color Acidity* tion** Inches 
INORG Wratten ecm meh nan Wilhiters Nee. ae— OOS Eis oon nee ee MAWihites ent. manera Ola 32 87/6 
MOrdegiC) 48 ht sone: Wihites..8 4.0.5 =O) 08-7 carters on A) White... —0.08.. 35 ... -B1/s 
150:deg C, 27 hr. ..5..... Wellowen meen tOSlOtee sen  pARSees ... ABrowneee, use out: +0.44.. ASS tyes BITE 
L50'deg C548 hr... . oi. MeMOwaldscie > = O..D2 rec aeiaane 1 a ies ere Deep brown........ + SARE an Kreis 


* Acidity is expressed as positive or negative. 


A negative value indicates the milligrams of sulphuric acid necessary to neutralize one gram of paper. 


A positive 


value indicates the milligrams of sodium hydroxide necessary to neutralize one gram of paper. 
** Oil absorption is the amount of oil retained expressed in per cent by weight of the original (dry) paper. 
} Deterioration was so great that reliable acidity and oil absorption values could not be obtained. 


higher temperatures leads to more and more moisture 
removal until, at a sufficiently high temperature, 
chemical degradation clearly is observed. The 
problem of satisfactory drying of cellulose insulation 
thus becomes one of distinguishing between those 
conditions necessary to obtain the best dielectric 
and mechanical properties and those accompanied by 
chemical disintegration. The problem becomes in- 
creasingly difficult when it is recognized that chemi- 
cal changes may result from prolonged exposure to 
almost any temperature. Thus when heated in air, 
cellulose first will decrease in weight with loss 
of water to an apparently stable value. Further 
heating, however, eventually will produce a slowly 
increasing weight? with accompanying changes in 
chemical acidity and color, and mechanical and 
electrical deterioration. Factory drying of insula- 
tion preparatory for use as an integral part of elec- 
trical machines clearly recognizes this behavior. 
The treatment is carried out under conditions care- 
fully eliminating the second stage. Service use of 
the insulation, however, knows no such limitations 
and is favored only by the characteristically lower 
temperature encountered, with resultant slower 
chemical change in the cellulose. 


THE CHEMICAL CHANGE IS 
ACCELERATED BY THE PRopUCTS FORMED 


There is one important factor that necessarily 
accompanies the use of cellulose as a dielectric in 
electrical design: The products of chemical change 
are not easily removed. Even if gaseous or liquid, 
the products of decomposition usually are adsorbed 


Table II—Chemical Change in Unbleached Linen Paper 
When Subjected to High Temperature and Vacuum in the 
Form of Tightly Wound Rolls 


Properties of Paper After Treatment 


Oil Ab- Width, 

Treatment Color Acidity* sorption* Inches 
None Pee nemeeLW bites ceri: s 008.1. 33 87 /16 
110 deg C, 48 hr..... Wihite een 006m. 35 81/s 
150 deg C, 27 hr..... Wellowsene ert O 08a. 38 -81/s 
150 deg C, 48 hr..... Yellow..-....-+0.49.. 4b aerate 81/s 


* See footnotes under table I. 
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Fig. 2. Acidity change in paper resulting from high 
temperature treatment 


Heating period—48 hours under a pressure of 2 millimeters of 
mercury 
Test samples—Tightly wound rolls as described for table | 
For acidity test, see footnote (*) under table | 


or at least remain in more or less direct contact 
with the material from which they are forined. It 
is not a rarity that chemical reactions of this type 
are autoaccelerated. That such effects arising from 
cellulose degradation cannot be ignored is illus- 
trated in the data of table I, which describes the be- 
havior of unbleached linen paper as a function of the 
method by which it was exposed to high tempera- 
ture. To obtain the best thermal distribution, the 
paper was heated with a sheet of aluminum foil be- 
tween each 4 mil pad. In one group of tests the 
paper was in the form of loosely wound rolls about 
2 inches wide, in order to allow easy volatilization of 
the products of degradation. In the other group 
the paper was in the form of tightly wound rolls 
about 8 inches wide in order to present greater dif- 
ficulty for the volatilization of the reaction products. 
In each roll the paper was 50 feet long. The chemi- 
cal change produced in the paper from such treat- 
ment is accelerated in those rolls presenting the 
greater possibility for the retention of the products 
resulting from the chemical change in the cellulose. 
To illustrate further the retardation produced by 
treatment that removes the chemically formed prod- 
ucts of degradation from contact with the cellulose, 
rolls similar in construction to the tightly wound 
samples of table I were heated in a vacuum of 
approximately 2 millimeters of mercury. The re- 
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Fig. 3. Mechanical 
deterioration in paper 
resulting from ioniza- 

tion effects 


This paper was tested at 
95 degrees centigrade 
between sheets of mica in 
an atmosphere of hydrogen 
gas. The voltage applied 
was sufficiently high to 
cause corona _ streamers 
across the mica surface 


sults obtained are practically duplicates of the data 
presented in table I for the loosely wound rolls of 
similar paper. Typical data are given in table II. 

In tables I and II data concerning the oil absorp- 
tive properties of the paper as a function of its 
treatment are tabulated. It is significant that for 
those papers in which chemical change has been 
produced: as evidenced by the changed acidity, 
a corresponding change in oil absorption value also 
is obtained. The relation between the chemical 
change in the paper (acidity) and the oil absorp- 
tion is illustrated in figure 1. 


AcIDITY CHANGE AS A FUNCTION OF TEMPERATURE 


In the data of tables I and II, acidity increase is 
not pronounced for temperature treatment at 110 
degrees centigrade, irrespective of the method of 
test. At temperatures higher than 110 degrees, 
even when heated in a vacuum of 2 millimeters of 
mercury, decomposition of the paper results, as 
evidenced by increased acidity; figure 2 illustrates 
this effect. The data of figure 2 are based upon 
changes that occurred when tightly wound rolls, 
similar to those already described in connection with 
table I, were heated for 48 hours under a vacuum of 2 
millimeters of mercury. Even for such short ther- 
mal exposures under the most favorable conditions 
for stability, a pronounced deterioration of the paper 
occurs when temperatures higher than 110 degrees 
centigrade are used. Longer periods of treatment 
at lower temperatures must be expected to produce 
similar chemical changes. 


DIELECTRIC DETERIORATION 
ACCOMPANYING PAPER DEGRADATION 


Increased electrical losses accompany the chemical 
changes produced by high temperature exposure of 
paper. The relation is shown in figure 9 for un- 
bleached oil-treated linen paper. A condition dan- 
gerous to the successful commercial operation of 
cellulose dielectrics arises where chemical change of 
this type is allowed to continue unchecked. A more 
immediately dangerous condition, however, would 
result were noncondensable gases also evolved from 
the insulation. The increased power factor of the 
insulation under such conditions would be accom- 
panied by ionization effects under high potential. 
Figure 3 shows the disintegration of unbleached 
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TOTAL GAS EVOLVED PER GRAM OF SAMPLE, CU CM 


32 36 


8 12 16 20 24 28 
HOURS OF EXPOSURE AT TEMPERATURE SHOWN 


Fig. 4. Gas evolution from paper produced as a 
result of thermal decomposition under vacuum 


Test samples—Tightly wound rolls as described for table | 
Test conditions—Paper heated as shown under a pressure of 2 
millimeters of mercury 
The arrows appearing on the 175 and the 130 degree curves 
indicate a temperature change from 175 to 130 and from 130 
to 175 degrees as illustrated 


linen paper produced by high voltage ionization. 
The paper illustrated was placed between sheets of 
mica in an atmosphere of pure hydrogen in order to 
eliminate carbonization and oxidation of the cellu- 
lose under corona discharge. The deterioration 
shown in figure 3 is typical of ionization effects 
arrested before complete disintegration of the cellu- 
lose. If allowed to run its full course, the cellulose 
sheet is completely disintegrated with the produc- 
tion of a finely divided dust. In figure 3, the dis- 
integration is plainly under way as is witnessed by 
the screen-like structure which distinguishes the 
area directly between the electrodes. 

That noncondensable gases are evolved from un- 
bleached linen paper when exposed to high tem- 
peratures is illustrated in figure 4. These data were 
obtained with tightly wound rolls similar in con- 


PER CENT OF INITIAL STRENGTH 
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20160 40 80 
TEMPERATURE OF EXPOSURE, DEG C 
Fig. 5. Mechanical deterioration of paper resulting 

from high temperature treatment 


Mechanical strength was measured after 48 hours’ heat 

treatment at the temperature shown. All data shown here 

were taken at 20-95 degrees centigrade, during the same 

day under prevailing atmospheric humidity. (40 per cent 
relative humidity at 68 degrees Fahrenheit) 
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struction to those of table I and suspended in a 
vacuum chamber under a pressure of 2 millimeters of 
mercury. Means were provided for collecting and 
measuring the reaction products normally gaseous 
at 25 degrees centigrade and 760 millimeter pressure. 
As illustrated in figure 4, irrespective of the testing 
temperature, the first rush of gas, which was largely 
air with some water vapor, was succeeded by a quies- 
cent period the duration of which was a definite 
function of the experimental conditions. With 
temperatures maintained at 110 or 130 degrees 
centigrade, no further noncondensable gases were 
evolved within the limits of the experiment. With 
higher temperatures, gassing again started after a 
total heating period of about 12 hours. 

The data of figure 4 are important from another 
viewpoint. In commercial practice, it is often 
necessary to decide whether insulation once sub- 
jected to overheating, is fit for further use. Gauged 
from the standpoint of gassing tendencies, one 
would conclude that cellulose insulation once severely 
overheated is not suited for further successful use. 
Thus in figure 4, the cellulose when actively “‘gass- 
ing’’ in the final stage of the 175 degree test showed 
but little change when the temperature was de- 
creased to the normally safe value of 130 degrees. 
Contrariwise, the insulation at 130 degrees, as 
illustrated, showed a prompt response in gassing 
when the temperature was increased to 175 degrees. 


MECHANICAL DETERIORATION 
ACCOMPANYING CHEMICAL CHANGE 


The mechanical strength of paper, so necessary in 
some of its dielectric applications, decreases with ex- 
tended drying. When chemical deterioration of the 
cellulose is produced, the mechanical strength de- 
creases at an increasing rate. This is illustrated in 
figure 5. A more definite picture of the decreased 
mechanical strength accompanying the short-time 
high-temperature treatment of the cellulose is 
given in figure 6. Here the mechanical properties 
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PER CENT OF INITIAL STRENGTH 


Fig. 6. ‘Average’ change in mechanical proper- 
ties of paper produced by high temperature treat- 
ment 


Data of this figure are based upon the experimental results 

given in figure 5, each point being the average obtained for 

the deterioration as represented by the tensile, stretch, tear, 

and bursting strengths, each test being given equal weight 
in determining the average value 
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of figure 5 are given equal weight and averaged. 
Taking the normal mechanical strength of the undried 
paper at 25 degrees centigrade as 100 per cent, it is 
evident that drying, even within the limits of tem- 
perature not conducive to marked acidity or dielec- 
tric deterioration, produces decreased mechanical 
strength. As the temperature rises above 130-140 
degrees, the drop in ‘“‘average’’ mechanical strength 
may assume dangerous proportions. It is obvious 
that longer periods of heating at lower temperatures 
cannot be ignored in the application of cellulose in- 
sulation where the maintenance of good mechanical 
properties is paramount. 


BEHAVIOR OF OIL TREATED PAPER 


In general the technical procedure used in the in- 
vestigation of oil treated cellulose insulation du- 
plicated that applied to the study of the insulation 
not oil treated. It may be observed that the results 
obtained bear strong resemblance, differing merely 
in degree. Thus figure 7 shows the changing paper 
acidity produced by thermal decomposition of oil- 
treated unbleached linen paper heated under condi- 
tions similar to those applying to the untreated 
paper, the acidity change in which is described in 
figure 2. The presence of oil merely affects the 
degree of change. In figure 7 chemical degradation 
of the cellulose is evident from temperatures higher 
than 100 degrees centigrade, as is true for the un- 
treated paper of figure 2; but whereas untreated 
paper shows pronounced acidity change for the 
higher temperature, figure 7 shows a more slowly in- 
creasing acidity. This difference might well be 
expected, since the cellulose decomposition products 
are in part at least oil-soluble and are thus difficult to 
evaluate. 

To illustrate the gassing of oil-immersed oil- 
treated cellulose is difficult because of volatilization 
of materials derived from the oil and the oil-solu- 
bility of the cellulose formed gases. The behavior is 
illustrated roughly in figure 8, resort being made to a 
gas bubble counter to express the rate of gas evolu- 
tion under a pressure of 2 millimeters of mercury. 
The gases arising-in the heated vacuum chamber 
containing the oil-treated oil-immersed cellulose, 
were led through cooling towers into the bubble coun- 
ter. Under a steady vacuum the number of bubbles 


seseeeee ae 
= 
Cee 


20 40 60 80 100 120 140 160 180 200 
TEMPERATURE, DEG C 


a 
S 
ALKALINITY 53 ACIDITY 

> 

oO 
eI 
a 
a 
El 
ad 
|_| 
oe 
ee laa 
SRS 
ie ee 
Sys 
eat NO 


Fig. 7. Acidity change in oil immersed paper re- 
sulting from high temperature treatment 


Heating period —48 hours under a pressure of 2 millimeters of 
mercury 
Test sample—Tightly wound rolls as described for table |, 
vacuum oil-impregnated at 50 degrees centigrade 
For acidity test, see footnote (*) under table | 
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0 l2 24 


48 0 12 
HOURS OF EXPOSURE 
Fig. 8. Gas evolution from oil immersed paper 
produced as a result of thermal decomposition under 
vacuum 


Test sample—Tightly wound rolls as described for table | 
Test conditions—Paper heated as shown under a pressure of 
2 millimeters of mercury 

Rate of gas evolution expressed as: 

0. No gas evolved in bubble counter 

1. Occasional bubbles noted in bubble counter 

2. Approximately 1 bubble each 3 minutes in bubble 
counter 

3 to 5 bubbles each 3 minutes in bubble counter 

5 to 20 bubbles each 3 minutes in bubble counter 

20 to 40 bubbles each 3 minutes in bubble counter 

More than 40 bubbles each 3 minutes in bubble counter 
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formed per minute from the 2 millimeter gas tube of 
the bubble counter was determined. A blank correc- 
tion is applied for the expression of the behavior illus- 
trated in figure 8. For temperatures up to 130 de- 
grees centigrade, no gaseous decomposition of the 
cellulose was observed within the limits of the 
experiment. For higher temperatures, a second 
stage of gassing occurred, indicative of cellulose 
degradation. The duration of the quiescent period 
following the first rush of gas (air) is a function of 
the testing temperature, cellulose decomposition 
being evidenced by gas formation after an interval 
that is shorter, the higher the temperature applied. 
Thus at 145 degrees the second gassing stage began 
after 33 hours of heating, at 160 degrees after 23 
hours, and at 170 degrees after 19 hours of heating. 
As might be anticipated, the rate of gas formation 
during the second or cellulose decomposition stage 
was more pronounced the higher the testing tem- 
perature. 

The use of cellulose insulation even for short 
periods of time at temperatures higher than 130 de- 
grees centigrade must be strictly avoided if in- 
creased acidity and gas formation are to be pre- 
vented. 


POWER FACTOR OF OIL TREATED CELLULOSE 
Thermally produced chemical changes resulting 


in increased acidity is accompanied by pronounced 
increases in power factor; this is shown in figure 9. 
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Unbleached linen paper was exposed for various 
periods at selected high temperatures under a pres- 
sure of 2 millimeters of mercury and later vacuum- 
oil-impregnated at 100 degrees centigrade. The ef- 
fect of the thermal history is clearly evident in the 
power factor and acidity, which both increase 
with the severity of the previous exposure. 

The service use of oil-treated cellulosic insulation 
must always be made with clear recognition of 
the power factor-temperature relation (figure 10). 
Increased temperature may produce a_ rapidly 
rising power factor for temperatures higher than 
40 degrees centigrade. Such rapidly rising power 
factor promotes cumulative heating, which in turn 
may produce disastrous results because of the re- 
sulting thermal degradation of the cellulose itself. 
Cellulose insulation can be operated at temperatures 
higher than 50 degrees centigrade under conditions 


Fig. 9. Effect of 0.0019 
thermally —_ pro- 
duced chemical 0.0018 
change on the a 
power factor of 2 0.0017 {5006/48 HR 
oil treated paper ~ 
5 0.0016 
gel 50 DEG Chap 
Power factor meas- Ne 
ured at 25 degrees 
centigrade, 1,000 poole 
cycles. For acidity 
test, see footnote (*) 0.0014 [I00 DES C/4BHR cl to ee ae ae 
under table | 0 0.1 0.2 0.3 0.4 0.5 


ACIDITY 


Samples were heated as shown under pressure of 2 millimeters 

of mercury. Temperature then was lowered to 100 degrees 

centigrade and the samples oil-treated while still maintained 

under 2 millimeter pressure. After impregnation, the tempera- 

ture was lowered to 25 degrees for power factor measurement 
at atmospheric pressure 
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Fig. 10. Relation between power factor and tem- 

perature for paper vacuum-dried and oil-treated at 
100 degrees centigrade 


Calculated values are based upon the logarithmic relation 
between power factor and temperature of test. Power 
factor was measured at 1,000 cycles 
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that reduce to a minimum the possibility of ‘‘spot”’ 
thermal concentration. 


DIELECTRIC STRENGTH OF OIL TREATED CELLULOSE 


The short-time dielectric strength of oil treated 
cellulose insulation is recognized to involve a mini- 
mum of cumulative heating effects. The fact that 
increase in testing temperature, entirely aside from 
chemical degradation, may result in decreased 
breakdown strength in accordance with figure 11, 
as well as in increased power factor, serves to limit the 
maximum permissible temperature of electrical ap- 
paratus dependent on impregnated paper or like 
material for its successful operation. 

Chemical change in oil treated cellulose produces 
decreased dielectric strength as well as disadvan- 
tageous effects arising from other mechanical or elec- 
trical causes. Figure 12 presents test results ob- 
tained on oil-treated unbleached linen paper dried 
and oil-impregnated under a vacuum of better than 
2 millimeters at 100 degrees centigrade for 48 hours, 
a condition that has been shown to give little, if any, 
chemical or electrical deterioration. Subsequent 
to drying and oil-impregnation the dielectric pads 
were sealed under degassed oil in nonbreathing con- 
tainers. The assemblies were heated at tempera- 
tures from 80 to 150 degrees centigrade for periods 
up to 170 hours, whereupon the minute-test di- 
electric strength at 25 degrees centigrade was deter- 
mined without removal from the sealed container. 
The dielectric strength for the 80 degree aging test 
was not affected. For temperatures of 115 de- 
grees or higher, the dielectric strength seriously was 
affected. At the end of about 100 hours, the break- 
down strength of the insulation was only approxi- 
mately 71 per cent of the initial value for the 115 
degree treatment, 68 per cent for the 130 degree 
treatment, and 57 per cent for the 150 degree treat- 
ment. 


“LIFE” TEST CHARACTERISTICS 


It is difficult to interpret “‘life’’ test information 
concerning the behavior of insulation in terms of 
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Fig. 11. Minute-test dielectric strength of paper 


vacuum-dried and oil-treated at 100 degrees centi- 
grade, as a function of the testing temperature 


Thickness of dielectric—O.004 inch 
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commercial practice. Because of time limitations, 
conditions necessarily must be exaggerated with re- 
spect to one or more factors. It is usual in work of 
this type to exaggerate the temperature of the test, 
the voltage applied, or both. Because of the evi- 
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Fig. 12. Decrease in the minute-test dielectric 

strength at 25 degrees centigrade of vacuum- 

dried and oil-treated paper resulting from thermally 
produced chemical change 


Thickness of dielectric tested—O.004 inch 
Treatment of insulation—Vacuum dried at 100 degrees 
centigrade for 48 hours and mineral oil impregnated under 
vacuum; then aged at temperature shown while immersed in 

degassed oil in sealed containers 


dent danger from thermal decomposition of the 
cellulose at temperatures higher than 115 degrees 
centigrade, ambient temperatures of 25 and 95 to 
100 degrees were chosen in the life test analysis of 
this investigation. Each life test was carried out 
in sealed containers to protect from atmospheric 
oxidation and the loss of thermally formed volatile 
products. Figures 13 and 14 illustrate typical results 
using unbleached linen paper of high purity as the 
cellulose insulation. 

In figure 13, 0.0025 inch pads of unbleached oil- 
treated linen paper were used. Such pads normally 
have an average minute-test breakdown strength of 
approximately 2,600 volts per mil. A “‘life’’ test 
potential of 3,300 volts, 60 cycles, giving 1,280 volts 
per mil, was used to determine the long-time 25-de- 
gree dielectric stability of the insulation as a function 
of its previous thermal history. This electrical 
stress was chosen since experience had shown that a 
materially lower potential gradient normally would 
not produce dielectric failure of the insulation within 
the period of 100 days assigned for the test interval. 
At 1,280 volts per mil, previous experience had shown 
that at least 50 per cent of the samples would fail 
even when treated in accordance with the best pro- 
cedure. A comparison of curve A with curve B of 
figure 13 shows the effect of the chemical degrada- 
tion of cellulose insulation in affecting its long time 
dielectric strength. Curve A is based upon in- 
sulation heated at 115 degrees centigrade under 
vacuum for 3 days. Curve B is based upon similar 
insulation heated at 135 degrees under vacuum for 3 
days. Subsequently to such treatment, both types 
of insulation were vacuum oil-treated at 100 degrees. 
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90 Fig. 13. Effect of ther- 
mal treatment on the 
60-cycle ‘‘life’’ test di- 
electric strength of oil- 


treated paper 
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Insulation was dried under 
vacuum for 72 hours at 
temperature shown, fol- 
lowed by oil impregnation 
while still under vacuum 
at 100 degrees centigrade 
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The characteristics of the paper after the vacuum 
temperature treatment were: 


Curve A Curve B 
Paper acidity (See fooEOEeS tinder tables): c.ystea-ce-.s > +0.05 .....! :+0.19 
Power factor (25 degrees centigrade —1,000 cycles). pee OF OOM Or eee 0.0020 


The breakdown values of figure 13 are plotted 
chronologically. The insulation of curve A showed 
only 5 breakdowns out of 9 samples on test. The 
insulation of curve B showed 9 breakdowns out of 9 
samples on test. Considering only the first 5 
samples of each group, the average breakdown 
period of Curve A is 23 days; that for curve B only 
1.6 days. In curve B a zero value for time to break- 
down indicates failure within 1 hour on test. The 
chemical degradation of the celiulose insulation ex- 
hibited in an increasing power factor and acidity 
is therefore not without marked effect on the long- 
time dielectric strength of the insulation. 

Even without visible chemical or short time elec- 
trical affect, the application of high temperature to 
oil-treated cellulose insulation may cause slow deteri- 
oration of a cumulative type capable of producing 
diastrous results. Thus it has been shown that short 
time applications of temperature lower than 110 de- 
grees centigrade normally do not produce chemical 
change as determined by the acidity or electrical 
change as evidenced by the dielectric strength or 
initial power factor. Figure 14, however, clearly 
shows that temperatures as low as 95 to 100 degrees 
may produce electrical deterioration if coupled with 
simultaneously applied high potential stress. In 
figure 14 the insulation consists of unbleached 
linen paper of high purity similar to that used 
throughout this investigation. The paper was vac- 
uum-dried for 48 hours at 100 degrees centigrade 
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and oil-impregnated. The arrangement of the in- 
sulation was in the form of small, flat pads. Two 
groups were prepared, one containing 0.008 inch 
pads of dielectric and the other group 0.004 inch pads. 
Following the drying and oil impregnation, the 
dielectric assemblies were placed on test at 95 to 
100 degrees centigrade under a potential of 3,250 
volts, 60 cycles in sealed containers to protect from 
atmospheric oxidation and the loss of thermally 
formed volatile products. The slowly increasing 
power factor of the 0.008 inch samples operating at 
425 volts per mil, indicative of chemical and elec- 
trical deterioration, is accelerated by the higher 
voltage stress (850 volts per mil) of the 0.004 inch 
insulation. The data of figure 14 represent typical 
group behavior, each testing group consisting of 6 
individual samples. No electrical failures occurred 
during the duration of tests covered by investigation 
of this type. 
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Fig. 14. Dielectric instability produced in oil- 

treated paper as a result of 60-cycle high-voltage 

application at a temperature not normally associated 
with short time chemical deterioration 


Life test conditions—95 to 100 degrees centigrade in sealed 
containers, 3,250 volts applied 
Treatment of insulation—Vacuum dried at 100 degrees 
centigrade for 48 hours, followed by oil impregnation while 
still under vacuum and temperature 
Power factor was measured at 25 degrees centigrade, 1,000 
cycles 
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A Cathode Ray Oscillograph 
for Observing 2 Waves 


A general purpose cathode ray oscillo- 
graph is described in this paper which em- 
bodies a cathode ray tube of high beam ef- 
ficiency, a description of which has not 
hitherto been published. This tube makes 
it possible to use a high frequency oscil- 
lator for supplying both the beam and 
sweep voltages. An electronic switching 
circuit is described which greatly extends 
the usefulness of the cathode ray oscillo- 
graph by making it possible to portray 
simultaneously 2 or more different waves 
in their proper phase relation, provided 
both waves have frequencies which are in 
a simple multiple relationship to each 
other. 


By 

R. H. GEORGE Purdue University, 
ASSOCIATE A.I-E.E. West Lafayette, Ind. 
H. J. HEIM Purdue University, 
ASSOCIATE A.I.E.E. West Lafayette, nd. 
H. Fe MA YER* Purdue University 
NONMEMBER A.I.E.E. West Lefayette, Ind. 
G > ROYS Purdue University, 


ASSOCIATE A.1.E.E. West Lafayette, Ind. 


As a result of the development of a 
glass type cathode ray tube! and asystem of cathode 
ray television reception at Purdue University, a num- 
ber of new tubes and auxiliary circuits were made avail- 
able which have proved very useful in the deveiop- 
ment of cathode ray oscillograph equipment. The 
field of application of the cathode ray oscillograph 
has also been greatly extended by the development 
of a stable electronic switching circuit for the simul- 
taneous observation of 2 different wave forms.” 

Five portable oscillographs have been constructed, 
4 of which were developed for special industrial ap- 
plications, and 1 for lecture room demonstration and 
general laboratory use at the university. The 
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special oscillographs, however, are not described in 
the present paper, which is concerned principally 
with the description of the cathode ray tube, the 
high voltage power supply, and the electronic 
switching circuit as embodied in the general purpose 
oscillograph. 


GENERAL DESCRIPTION OF OSCILLOGRAPH 


The general purpose oscillograph, figure 1, is 
built as a self-contained unit for operation from a 110- 
volt 60-cycle power source. The complete schematic 


Fig. 1. 


Front view of the cathode ray oscillograph 
for observing 2 waves simultaneously 


wiring diagram is represented by figure 2. On the 
left of the diagram, the parts, in order from top to 
bottom are: power and filament transformers, low 
voltage d-c power supply, synchronizing and sweep 
circuits, combination amplifier and timing oscilla- 
tor, and full-wave high-frequency rectifier for modu- 
lation measurements. On the right of the diagram 
in the same order are: the sweep voltage and high 
voltage d-c power supply, the cathode ray tube, 
and the electronic switching circuit. 

The cabinet consists of a welded ‘“‘dow-metal”’ 
supporting frame with removable sheet metal panels, 
which permit access to all parts, but provide complete 
electrostatic shielding. The equipment is mounted 
in double deck arrangement. In order to minimize 
60 cycle disturbances all power supplies are located 
on the lower deck and provided with special shield- 
ing where necessary. The cathode ray tube is 
mounted in a magnetic shield supported from the 
top of the frame. The auxiliary circuits are mounted 
on the upper deck as illustrated in figure 3. The 
finished cabinet is 17 inches high, 16 inches wide and 
20 inches deep and the complete oscillograph has a 
total weight of 72 pounds. 
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THE CATHODE RAY TUBE 


The method of focusing an electron stream de- 
veloped several years ago® has been modified and 
adapted for use in glass cathode ray tubes developed 
for television purposes. Because of their ability to 
produce a sharply defined beam over a wide range 
of operating voltages, these tubes have proved to be 
especially well adapted for oscillograph use. The 
general arrangement of the electron gun is shown 
schematically in figure 4. Referring to this figure, 
the electrons are emitted from a small area on the end 
of the cathode. The shield which surrounds the 
cathode brings the beam to a short focus near the 
plane of the aperture and also controls the beam 
current. Focusing is\ accomplished by varying the 
potential on the first anode with respect to the 
cathode and second anode. The beam reaches its 
maximum velocity as it emerges from the second 
anode, which is usually operated at ground potential. 

The cathode consists of a piece of No. 22 plati- 
num-nickel alloy wire which. has a 0.01 to 0.015 inch 
hole drilled or pressed in the end, and this hole 
packed with barium and strontium oxides. The 
emitting surface is therefore limited to a relatively 
small area. The tungsten heater wire is wound in 
the form of a double spiral to make it noninductive 
and to permit the cathode to be spot welded to the 
mid-point. Since the cathode is heated by conduc- 
tion, the heater filament operates at a relatively low 
temperature. Platinum-nickel cathodes have been 
used because of the very high temperature required 
to melt them loose from the heater filament. The 
filament current can be increased to about double the 
normal operating value without melting off the 
cathode. The ends of the double spiral heater fila- 
ments are held in place by means of a short section 
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Fig. 2. Schematic wiring diagram 
of oscillograph 


of ceramic tubing. A connection is made directly 
with the cathode and the lead brought out through 
the center of the spiral heater and insulating cylinder. 
The cathode is held in the center of the shield by 
means of a mica spacer. 

The cathode shield serves the double purpose of 
shielding the cathode and acting as the control 
electrode for modulating the beam. The stem end 
of the shield is left open as the heater filament oper- 
ates at a temperature too low for electron emission. 

The first anode is made in the form of a cylinder 
with a plate across the end facing the cathode. The 
hole in the plate is approximately 0.04 inch in 
diameter, which is sufficient to permit the entire 
beam to pass through it when properly focused. 
The cylindrical section of the first anode is made 
sufficiently long to allow the beam to gain the neces- 
sary diameter before entering the intense portion of 
the accelerating and focusing field near the second 
anode. Usually 90 per cent or more of the total 
accelerating voltage appears between the first and 
second anodes. 

In the glass type cathode ray tube the second 
anode is made stationary and in the form of a flat 
disk. The hole in the second anode should be 
slightly larger than the diameter of the beam at this 


Table I—Average Characteristics of Cathode Ray Tubes 


Mini- Maxi- 

mum mum 
Diameter’ of tube, inches tac ae. es ie ee eee ee. 
Lengthiof, tube, inches s,s. noite eet ee Lee 
Cathode:voltage to ground). 4 ciinettr a) slels cueletele risatel ufelates pee OO GeO OOO) 
Cathode shield voltage with respect to cathode..............+ 10....— 60 
First anode voltage with respect to cathode.................+ 25....+ 500 
Second anode voltage with respect to cathode........ +250 . +5000 


207i a 
0 to 250 


Filament current in amperes, average............. 
Beam current in microamperes...............++++ 
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- vision receiver. 


_ beam current. 


point. The beam is focused by the converging 
electric field between the first and second anodes. 
As previously mentioned, the beam is brought to a 
focus at the screen by varying the potential on the 
first anode with respect to the cathode and second 
anodes. 

When the electron gun is operating properly, 
from 70 to 90 per cent of the electrons leaving the 
cathode space charge reach the screen in the form of 
Consequently, the energy required 
to operate the electron gun is so small that it can be 
supplied from a small high frequency oscillator. 

The coating on the inside of the glass envelope 
provides a return path for the electrons and elimi- 
nates instability when the tube is operated as a tele- 
The sharpness of the beam is 
improved by impressing a negative potential of 20 
to 50 volts on the conducting coating. 

The fluorescent screen material is sprayed on the 
inner surface of the tube before the conducting coat- 
ing is applied. For visual observation the screen 
material is usually synthetic willemite which produces 
a yellow-green light, but for photographic reproduc- 
tion and television reception a screen material which 
produces a light closely approaching white is used. 
This screen material was developed for reproducing 
television pictures in black and white. 

Tubes are provided with 2 pairs of deflecting 
plates, with one plate of each pair connected to the 
second anode and grounded. In order to eliminate 
keystone distortion (the distortion of a rectangular 
figure into the shape of a keystone) due to an un- 
compensated change in velocity of the beam as it 
passes through the fringing field from the ends of 
the deflecting plates and to divergence of this field, 
the plates are provided with grounded guard plates, 
as shown in figures 4 and 5. The guard plates 
prevent the fringing flux from becoming divergent, 
and alsopractically eliminate changes in beam velocity 
by limiting the extent of the fringing flux and pro- 
viding a compensating component. 

In some of the tubes a ground plate is mounted just 
beyond the deflecting plates for the purpose of 


Fig. 3. Top view of oscillograph with cover removed 
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minimizing the electronscurrent which may tend to 
drift back to the deflecting plates. 

The electron beam focuses to a sharply defined 
spot of 0.1 to 1 millimeter diameter over range of 
voltages from 250 to 3,000 volts, and with only a 
slight increase in size up to 5,000 volts. Although 
in the past it has been necessary to use 0.5 to 1.5 
microns of argon gas in the tubes to obtain a sharply 
defined beam over this wide range of beam voltage, 
recent calculations indicate that a sharp focus may 
be obtained in a hard vacuum by some changes 


GUARD “le 
PLATES Wd 


MICA CATHODE 
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SECOND ANODE 


CATHODE | Se 
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Fig. 4. Schematic diagram of electron gun 


in the dimensions of the electron gun. Further 
development is being directed along this line. 

Despite the facts that the tubes contain a small 
amount of argon, and that no effort has been made 
to prevent positive ion bombardment of the cathode, 
the life of the tubes usually runs well over 1,000 
hours. Moreover, tubes which have lost their 
emission can be repaired by repacking the oxides 
in the cathode and re-exhausting. Since the holes 
in the anodes are larger than the diameter of the 
cathode the oxides can be replaced without dis- 
mounting the gun parts. 

The average characteristics of the cathode ray 
tubes are shown in table I. 

The filament current is supplied from a 2.5 volt 
transformer winding and adjusted by means of a 
high current rheostat. Although the voltage across 
the filament at normal current is approximately 0.5 
volt the filament cannot be damaged by the full 2.5 
volts. 


THE HIGH VOLTAGE D-C POWER SUPPLY 


As a result of the high beam efficiency of the 
cathode ray tube it has been possible to use a high 
frequency oscillator and rectifier to supply both the 
beam and sweep voltage for the cathode ray tube. 
The circuit developed for this purpose is shown in the 
upper right hand corner of figure 2. This circuit 
was originally designed for use in television receiv- 
ers where safety is an important factor, and where 
plate voltage for the oscillator is available from the 
amplifier plate supply. 

The high frequency power is supplied from a special 
tuned-grid tuned-plate oscillator, the plate coil of 
which forms the primary of a high frequency step-up 
transformer. Current from the secondary of this 
transformer is rectified by means of a half-wave 
high voltage rectifier to supply the beam voltage. 
In order to obtain maximum high voltage output, 
the oscillator is tuned to the natural frequency of 
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the rectifier circuit, which is usually about 100,000 
cycles. The tuning of the oscillator circuits is ac- 
complished by means of mica trimmer capacitors 
which are not disturbed after the correct adjustment 
is found. At a frequency of 100,000 cycles good 
filtering is obtained with 2 0.002-microfarad mica 
capacitors and a 100,000 ohm resistor. The use of 
such small capacitors in the filter circuit greatly re- 
duces the danger from serious shock by accidental 
contact with the high potential circuit and eliminates 
the necessity for a discharging switch. 

By the use of high excitation on the grid of the 
oscillator, sufficient power is obtained by grid 
rectification to supply the sweep voltage for the 
linear time axis. The correct ratio between the 
beam and sweep voltages is obtained by adjusting 
the capacitance between the grid of the oscillator 
and the plate of the high voltage rectifier. 

With an oscillator of this type operating at a plate 
voltage of 400 volts and drawing about 35 milli- 
amperes plate current, it is possible to supply a 
beam voltage of 4,500 volts and a sweep voltage of 
500 volts. However in the case of the oscillograph 
being described, the oscillator is so adjusted that 
beam voltages of 500 to 3,500 volts can be obtained 
in 500 volt steps by varying the plate voltage of the 
oscillator by means of a tap switch. 

The deflection sensitivity can be checked readily by 
closing a push-button switch on the front of the 
panel, which applies the plate voltage of the oscilla- 
tor to one pair of deflecting plates, and reading the 
plate voltage on the panel voltmeter. This is 
necessary when making accurate voltage measure- 
ments with the oscillograph since the regulation of 


Fig. 5. 


View of section of cathode ray tube show- 
ing the guards on the deflecting plates 


the high frequency power supply permits some change 
in beam voltage with change in beam current. 

The high frequency power supply has proved it- 
self to be quite flexible and well adapted to most 
applications. 


AN ELECTRONIC SWITCHING CIRCUIT FOR 
THE SIMULTANEOUS OBSERVATION OF 2 WAVES 


The application of the cathode ray oscillograph 


has been greatly restricted, in the past, because of its 
inability to portray more than a single phenomenon 
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ata time. Since it is often desirable, or even essen- 
tial, to show 2 or more waves simultaneously in 
their correct relative phase positions, this limita- 
tion has proved to be a serious handicap in the general 
usefulness of this type of oscillograph. One possible 


TO SWEEP CIRCUIT 


Fig. 6 (left). Schematic diagram of a circuit that 
might be used as the basis for an oscillograph for 
simultaneous observation of 2 waves 


Fig. 7 (right). Schematic diagram of an auxiliary cir- 
cuit for use with figure 6 
Nos A 2 
Fig. 8. General arrange- _2e eles ee 
ment of first stages of ampli- Og Eg 
fiers used with circuit finally %— Do 
adopted r= 


solution is to devise a single tube with a multiplicity 
of beams, corresponding to the multi-element vibra- 
tor type of oscillograph. Since it is recognized that 
such a plan would greatly complicate the manufac- 
ture and functioning of the tube, a much more 
feasible scheme would be to utilize a single beam. 
This could be accomplished by impressing the differ- 
ent signal voltages across the deflecting elements of 
the tube in succession, one during each sweep. In 
this manner, due to the persistence of vision and 
provided that the frequency of the cycles of operation 
were not too low, 2 or more waves whose frequencies 
are in a simple relation could be caused to appear 
simultaneously in their correct relative phase posi- 
tions on the screen. 

Such a method has been devised to show 2 waves, 
the switching being accomplished by means of a 
rotary switch‘ operated by a synchronous motor that 
was driven from the same power supply as the ob- 
served phenomena. Although this arrangement has 
proved to be quite practical as far as power applica- 
tions are concerned, it cannot be synchronized when 
either the frequency is too high or the power supply 
too limited to permit the use of a synchronous motor. 
It is likewise obvious that any system of electro- 
mechanical relays would suffer similar limitations. 
The latter could be removed, however, by means of 
an electron tube relay system that was actuated by 
the sweep circuit. It is the purpose of this portion of 
the article briefly to discuss the development of such a 
device. 

A circuit that might be used as the basis in the 
development for an oscillograph for the simul- 
taneous observation of 2 waves is shown schemati- 
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_ cally in figure 6, the tubes being small grid-controlled 
rectifiers. Since this is similar in construction and 
_ theory of operation to the simple 2 tube inverter, »° 
its action will not be discussed in detail at this time. 

_In connection with the actual application of this 
circuit to the particular project being undertaken, 
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Fig. 9. Diagrams showing use of pentodes in con- 
trol circuit 


it was first proposed that the tubes themselves might 
be caused to function as switches. Because of the 
necessarily high impedance of the deflecting plate 
circuit, however, no simple arrangement of this sort 
that would be applicable over a wide range of fre- 
quencies could be devised. Accordingly, instead of 
permitting the tubes to function directly as switches, 
it was then proposed that they might be utilized to 
control the bias on a pair of amplifier tubes, the 
grids being connected to the 2 signals and the plates 
being tied together and feeding into the deflecting 
circuit of the cathode ray tube. The schematic 
diagram for this arrangement is shown in figure 7. 
In this, points P, Q, and R would be connected to the 
correspondingly lettered points in figure 6, the large 
differences of potential that occur alternately across 
the resistors permitting first one amplifier to pass a 
signal and then the other. 

In the actual working out of a circuit to give the 
desired result when triode amplifiers were used, it 
was found necessary to introduce 2-stage rather than 
single-stage amplifiers. This was for the purpose of 
simplifying the plate supply problem as well as be- 
cause of the necessity of isolating the switching cir- 
cuit from the signal circuits; the additional stages 
being inserted to act as buffers rather than for the 
purpose of introducing additional amplification. 
The general arrangement of the first stages is shown 
in figure 8, the 2 signals now being impressed across 
A'B' and C’D’, respectively. 

The first electronic switching circuit built into an 
oscillograph made use of the 2-stage amplifier. 
Although it operated in a very satisfactory manner 
in most cases, the amplifier was the weak point, as it 
would obviously neither pass the average component 
of a pulsating wave nor faithfully reproduce a flat- 
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topped alternating wave. One possible solution con- 
sidered in this regard was to develop an appropriate 
direct-coupled amplifier. It was instinctively felt, 
however, that such an amplifier would be pro- 
hibitively complicated in that it would require 
several separate plate voltage supplies. No attempt 
was accordingly made to carry out such a project but 
another method was developed. 

It has already been mentioned that the 2-stage 
amplifiers were made necessary because of both the 
blocking and signal voltages being applied to the 
same grids. With this inherent disadvantage in 
mind, it was proposed that single-stage, direct 
coupled, screen-grid tube amplifiers might be used. 
In this, the signal voltages would be impressed 
across the control grids as before but the blocking 
would be done on the screen grids. In the actual 
carrying out of this proposal, pentodes were used as 
shown in figure 9, the power supply, sweep circuit, 
etc., being essentially the same as used in the earlier 
set-up. 

The performance of the multiwave oscillograph in 
this final form proved to be quite satisfactory. The 
stability of the switching circuit has been materially 
improved in the later model. This was done by 
introducing the synchronizing impulse into the 
switching circuit by means of capacitive rather than 
inductive coupling. It is expected that it might be 
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Fig. 10. A possible circuit for an oscillograph for 
observing 3 waves simultaneously 


otherwise improved, or even simplified in certain 
respects. In this regard, the following topics are 
in mind for investigation: 

1. Substitution in place of 2 tube inverter circuit of: 


(a) Single-tube inverter circuit; or 
(b) Vacuum tube oscillator of an appropriate type. 


2. Modification of switching circuit in such a manner that waves 
whose frequencies were not necessarily in simple multiple relation- 
ship could be stabilized. 


3. Construction of a circuit for showing more than 2 waves. 


So far as item 3 is concerned, a possible circuit for 
showing 3 waves is given in figure 10 and the same 
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idea could be extended to the case of an unlimited 
number of waves. It should be recognized, however, 
as soon as the frequency of the complete cycle of 
operation drops below 20 cycles per second that there 
would be a noticeable flicker. 

The electronic switching circuit as embodied in 
the general purpose oscilloscope is illustrated in the 
lower right hand corner of figure 2. It may be 
noted that the switches in the plate leads of the 
inverter tubes have been eliminated in this circuit as 
it was found that the inverter would start of its own 
accord if the cathode resistor was properly adjusted. 
The battery Q is used for the purpose of compensating 
for the drop in potential in the inverter tubes, thus 
causing the inverter to reduce the potential on the 
screen grids of the amplifier to zero or even to a 
negative value. This prevents the blocked tube from 
passing current when the maximum normal signal 
is impressed on the control grid. 

The use of capacitive coupling between the sweep 
and inverter circuits has proved very satisfactory for 
tripping the inverter. With this arrangement the 
inverter has been made to operate satisfactorily 
when the sweep circuit was being discharged as many 
as 14,000 times per second, thus permitting observa- 
tion of phase relation between 2 waves at frequencies 
as high as 70,000 cycles per second. 


OTHER AUXILIARY CIRCUITS 


In the sweep circuit, figure 2, a type 57 tube 
is used to charge the sweep capacitor at a constant 
rate, and a special gaseous discharge tube is used to 
discharge it. The discharge tube has a control 
factor of 100 or more and is capable of withstanding 
the entire sweep voltage which may exceed 800 
volts. By throwing the switch M to the upper 
position the sweep voltage can be almost doubled by 
adding the plate voltage of the oscillator to that ob- 
tained by grid rectification. In either case the 
sweep voltage varies with the beam voltage in such a 
manner that changes in beam voltage produce very 
little change in the rate ofsweep. By throwing switch 
J to the left the sweep can be synchronized with an 
external signal applied across B56; or by throwing it 
to the right and applying the signal between C and G 
the signal is amplified first. If switch K is closed, 
with switch J thrown to the left, the sweep can be 
synchronized with the 60 cycle power supply. 

When the coils R are plugged in, the tube S acts 
as a fixed frequency oscillator for use in calibrating 
the time axis, but when the coils are out it acts as a 
resistance coupled amplifier. 

If a suitable loop antenna is connected to the ter- 
minals AGA, strong radio frequency signals can be 
rectified for modulation measurements, and for 
checking distortion in the modulating waves. 

Lissajou’s figures can be studied by impressing 
the waves between CG and FG with switch O in the 
upper position. 
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The Production of 
Impulse Test Voltages 


In performing surge tests on electrical power 
apparatus to determine ability to withstand- 
ing lightning or switching surges, the shape 
of the impulse voltage wave should be ap- 
proximately the same as 1 of the 3 test 
wave shapes commonly in use. Methods 
of producing a wave shape having the pre- 
scribed time constants are described in this 
paper, and oscillograms are presented 
which show the correctness of calculated 
design characteristics of the generator for 
producing these surges. 


By 
Cc. S. SPRAGUE 


ASSOCIATE A.1.E.E. 


Purdue University, 
West Lafayette, Ind. 


Mac: of the equipment used on 
modern electric power systems is tested by being sub- 
jected to artificially produced surge voltage waves 
which simulate the lightning or switching surges 
which may occur on the system. With the rapid 
development of surge testing equipment and tech- 
nique during the last decade, has come an increasing 
tendency toward standardization of testing methods 
and procedure. The various factors which affect the 
wave shape and the accuracy with which the wave 
may be measured and recorded have been investi- 
gated and reported in previous papers.'4 Mathe- 
matical and experimental determinations of the wave 
shape with calculated or measured generator con- 
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Table I—Values of ‘a’ and ‘b” for the Proposed Waves in 
the Equations RC = a, seconds; LC = b, seconds squared 
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stants have been made under various conditions of 
load and generator circuit,*’ the characteristics of 
resistance and capacitance potentiometers have been 
studied, and material progress has been made toward 
standard calibrations for sphere gaps for measuring 
voltages under impulse conditions.*! Naturally, 
many of the factors which influence the methods and 
technique of impulse testing depend upon local labo- 
ratory conditions and cannot be subject to definite 
specifications; nevertheless, certain general rules of 
established procedure have been noted.*®"4 

One of the most important steps of the staudardi- 
zation process was the recommendation of the 3 im- 
pulse wave shapes,'* designated as the 11/, x 40, the 
1 x 10, and the 1 x 5 microsecond waves; the first 
figure in each of these 3 designations indicates the 
time in microseconds for the wave to increase 
from zero voltage to crest voltage and the second 
figure indicates the time from zero voltage to one- 
half crest voltage on the tail of the wave. The time 
constants of these impulses were the result of a care- 
ful study, not only of the impulse voltages produced 
by lightning, but also of the facility with which they 
could be reproduced in the various laboratories 
throughout the country. 

Recently the engineering experiment station at 
Purdue University has devoted a portion of its time 
to the determination of the constants of the impulse 
generator for producing impulses of the prescribed 
time constants. The present paper shows the degree 
to which the actual waves, as recorded by the cathode 
ray oscillograph, check the calculated values. 
Traveling wave effects and reflections which always 
exist in surge generator circuits are shown in their 
relation to the several constants of the surge gene- 
rator. 


CONCLUSIONS 


1. With a suddenly applied electromotive force, a series circuit of 
resistance, inductance, and capacitance is inherently subject to re- 
flections and traveling wave phenomena, due to the finite lengths of 
the circuit and the finite velocity of propagation of energy through 
the circuit. In proportion to the main response characteristic of the 
circuit the relative importance of these reflections depends upon the 
lengths of wire in the circuit and upon the circuit constants, including 
the load, if the latter is appreciable. The effect of the reflections 
upon the main response characteristic is minimized with short wire 
lengths and low discharge resistances and high load capacitaices. 


2. Inthe surge generator the obvious and direct method of minimiz” 
ing the effect of reflections is to use a large value of capacitance, 
which, for a given wave shape, reduces the necessary values of 
inductance and resistance. Unfortunately for the economic aspects 
of the case this entails a rather large investment in the condenser 
units. Theoretically, the connection of an appreciable load ca- 
pacitance in parallel with the load resistance should diminish the 
effect of reflections, providing sufficient series resistance is incor- 
porated in the generator gap circuits to prevent oscillation of the 
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generator circuit inductance and the load capacitance. The load 
capacitance might be provided by a capacitance potentiometer or 
by the test piece itself. The desirability of using some such arrange- 
ment as the above will of course depend upon the conditions and the 
type of testing in a particular laboratory. 


3. The wave shapes calculated from equations for the simple series 
circuit of capacitance, resistance, and inductance check closely the 
actual wave shapes, under the following conditions: 


(a). The load resistance (including sphere gaps and test 
piece, if any) is essentially noninductive and has negligible 
capacitance for the wave shape under consideration. 


(b). Reflections are sufficiently minimized by the use of low 
values of inductance and resistance. 


(c). The load resistance is slightly increased to compensate for 
the decrease in the effective capacitance due to the phe- 
nomena of residual charge and the slight loss of energy in the 
resistors of the charging circuit. 


4. From the standpoint of the length of wire and the flashover 
characteristics under transient conditions, the most efficient im- 
ductances are those having an axial length approximately equal to 
their diameter (single layer, helically wound coils with uniform turn 
spacing). 


DESCRIPTION OF APPARATUS 


The condenser bank of the surge generator con- 
sisted of 48 25-kv '/,-microfarad units, mounted in 
such a manner that adjacent banks might be readily 
connected in parallel, providing several values of 
potential and capacitance. 

The series inductance was provided by a coil wound 
upon an octagonal form 2 or 3 feet in diameter. Turn | 
spacings of from !/; inch to 2 inches were available 
depending upon the number of turns and the surge 
potential. 

The load resistance and the dividing resistance 
were provided by a water column resistor contained 
in several parallel lengths of rubber hose. With this 
arrangement a wide range of resistance values could 
be obtained by varying the conductivity of the water 
solution, and, if necessary, the number of lengths of 
hose in parallel. Taps were provided along the hose 
for a rough adjustment of the test voltage, with fine 
control obtained by varying the charging voltage of 
the surge generator. With the load and divider re- 
sistance each having one end grounded, a large 
volume of the water solution could be readily circu- 
lated through the hose, eliminating any appreciable 
change in resistance due to heating. A resistance- 
cable divider was used in obtaining all the oscillo- 
grains reproduced in this paper. The cable was 
terminated, at the cathode ray oscillograph, in a 
resistance equal to its surge impedance. 

The cathode ray oscillograph was of the George 
hot-cathode type, having a beam potential of about 
15 kv and employing automatic vacuum tube circuits 
for initiating and synchronizing the sweep and the 
cathode beam. 


CALCULATION OF CONSTANTS 


The values of resistance and inductance necessary 
to produce the desired wave shapes were calculated 
for the several values of capacitance afforded by the 
surge generator. These calculations were made from 
the equations developed for the simple series circuit, 
assuming lumped constants and negligible load on 
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z (Cc) 


Fig. 1. Showing reflections across load resistance in 
surge generator circuit. Time in microseconds 


(a). C = 0.096 X 107§ farads, L = 0.18 X 1073 henrys, 
Res 7>eohms 

(6b). C = 0.096 X 1078 farads, L = 0.18 X 1073 henrys, 
R = 353 ohms 

(c). C = 0.096 X 10-6 farads, L = 0.18 X 1073 henrys, 
R = 860 ohms 


(d). C= 0.00614 X 107* farads, L = 2.53 X 1073 henrys, 
R = 4,090, 5,700, 7,700, and 9,800 ohms, respectively, 
reading from top down 


the surge generator. It was realized, of course, that 
with certain types of testing the capacitance or re- 
actance of the equipment under test might not be 
negligible, and that further adjustments would be 
necessary to provide the prescribed wave shape with 
the test piece connected. However, one of the ob- 
jects of this work was to determine to what degree 
the surge generator approximated the simple series 
circuit, hence the calculations were made as stated. 
For a particular wave shape and capacitance the 
values of resistance and inductance were calculated 
with a good degree of accuracy, then for this same 
wave shape, but for other values of capacitance, the 
values of resistance and inductance were determined 
by the relations, RC = a and LC = b. (See appen- 
dix.) Table I presents the values of the constants 
a and b for each of the 3 wave shapes, and table II 
gives the calculated values of inductance and re- 
sistance for several available values of capacitance. 
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DESIGN OF INDUCTANCE COILS 


Both experience and theoretical considerations 
lead to the conclusion that traveling waves and re- 
flections must exist in the surge generator circuit. 
In particular, reflections occur across the load re- 
sistance. These reflections may be positive or nega- 
tive depending upon the value of the resistance and 
the constants of the inductance coil. 

With fair analogy, the inductance coil and the dis- 
charge resistance may be considered as similar to a 
transmission line grounded through a resistance and 
having potential suddenly applied at the open end. 
According to the usual relations governing the re- 
flection of traveling waves, the voltage across the 
resistance at the first reflection will depend upon the 
value of the resistance in relation to the surge im- 
pedance of the line, being greater than the voltage 
of the approaching wave if the resistance is greater 
than the surge impedance of the line (positive re- 
flection), and less than the wave voltage when the 
resistance is less than the surge impedance of the line 
(negative reflection). With positive reflection, the 
successive reflections at the resistance produce volt- 
ages alternately greater and less than the wave 
voltage. In actual practice the losses which are 
always present give the appearance of a damped 
oscillation riding upon the main wave. This type of 
wave is sometimes called an ‘‘overshooting’”’ wave. 
With negative reflections the voltage across the re- 
sistance increases at each reflection by successive in- 
crements and approaches the wave voltage, causing 
the wave front to have the familiar ‘‘stair-step”’ 
appearance, characteristic of negative reflections. 
Reflections of both types have been encountered in 
surge generator work, even though the circuit lengths 
are relatively short compared to those of a trans- 
mission line. 

Figure 1 shows several oscillograms illustrating 
positive and negative reflections and the effect upon 
the reflections of varying the load resistance. It is 
obvious that the surge travels through the induct- 
ance and reflects across the load resistance in a man- 
ner analogous to surges upon a transmission line. 
If the load resistance can be made low, and if the 
inductance coil contains only a short length of wire 
it is apparent that the wave front will be built up 
by a series of negative reflections of low amplitude 
and short period. Under these conditions the 
characteristic stair steps are usually rounded off 
quite rapidly and a relatively smooth wave results. 
On the other hand, with a greater length of wire in 
the inductance the period of the reflections will be 
greater and the individual reflections will be more 
pronounced. Similarly, with a fixed inductance, the 
period of the reflections is constant while the ampli- 
tude varies with the value of load resistance as shown 
in figure 1, parts a, b, andc. With the higher values 
of resistance positive reflections occur as shown by 
figure ld. 

It is obvious from the foregoing discussion that the 
necessary inductance should be obtained with a 
minimum length of wire. Primarily, the axial length 
of the coil and the spacing between turns must be 
sufficient to prevent the impulse voltage from flash- 
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ing over the inductance. If, say, the spacing between 
turns is assumed, the axial length and the coil diam- 
eter may be varied to determine the proportions 
which give the required inductance in a minimum 
length of wire If the resulting coil will not with- 
stand the impulse voltage, a greater spacing between 
turns must be assumed, and the optimum propor- 
tions determined as before. 

Using Nagaoka’s formula,!® inductance values 
were calculated for turn spacings varying from 
‘/, inch to 2 inches, and for coil diameters varying 
from 2 feet to 10 feet. For each given turn spacing 
the curves of inductance versus number of turns 
were plotted for the several diameters. 

For any of the above spacings, it was possible to 
determine, for each diameter, the number of turns 
necessary to produce any assigned inductance within 
the range covered. From the diameters and the 
corresponding numbers of turns, the necessary 
lengths of wire were determined readily. The 
necessary lengths of wire were plotted against the 
corresponding coil diameters; the diameter provid- 
ing the minimum length of wire could then be deter- 
mined easily. The axial length of the coil was found 
from the turn spacing originally assumed and the 
number of turns corresponding to the optimum 
diameter. 

Several curves of this nature were prepared for 
different values of inductance and for different turn 
spacings. A study of these curves provided the fol- 
lowing general conclusions. 


1. For any turn spacing the diameter which provides a given value 
of inductance with a minimum length of wire is such that the ratio 
of axial coil length to diameter is approximately 0.4. 


2. For any turn spacing and given value of inductance the ratio of 
axial coil length to diameter may vary from about 0.2 to about 1.1 
with an increase in the length of wire of about 10 per cent over the 
minimum length. 


From conclusion 2 it is obvious that the axial 
length of the coil may be equal to the coil diameter 


Fig. 2. Surge generator circuit diagram 


iS = effective capacitance (0.0056 to 0.23 microfarad) 
L = added series inductance (O to 3,000 microhenrys) 
R, = effective load resistance (100 to 10,000 ohms, 
including Rp) 
Rp = divider resistance (1,000 to 15,000 ohms) 
Rr = cable terminating resistance (50 ohms) 
Rs = series damping resistance (2,000 ohms) 
= shielding cage for cathode ray oscillograph 
xX = taps for coarse adjustment of test voltage 
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Table II—Calculated Values of Resistance and Inductance to 
Produce Standard Test Impulses With Different Values of 


Capacitance* 


Maximum 
Released 
Voltage Capacitance Resistance Inductance 
Wave Shape Kv Microfarads Ohms Millihenrys 
Wax AO Anos e WOTDma see SOOOLS. atic: 9080.5 saeeie 2.54 
LA pce A) snteaeebersih BYRD oon olay) 2420.5; een 0.678 
al Los a! US era Aion OLD sie es ties « OOD 2B a Jv Nee 1050. 0.295 
LSE rls Sire att DN Oighy Sea OLOSON sc swt bats 577. 0.162 
it x 10 BOTS eet, 2 O; OOBLSas5 3555: 2105. 0.518 
1 KAO racer hc GY (ies Sn eayiee OLO280) acne 562. 0.139 
1 © Own ee STOn oN ore 0.0528 244, 0.060 
1 x 10 275 OOO Cia irs codes 1X: Sore APR 0.0331 
1 oe Rites. toe 1,075 pOMOOG La Ac Ase OD dy aes hae 0.294 
1 Kok Oven reas EY Lair ch ae Ne OLOZSO Ore oo sties py. Res «arp 0.079 
1 Ke Ow. cetereew BTOo ccc O:0508 5. ese LOG sie 0.0341 
1 SIO Mae as 2B ay oc Oe i mae Smear 58... 0.0188 


* Calculated from equations for simple series circuit of resistance, inductance, 
and capacitance. 


without serious increase in the length of wire. It is 
hardly necessary to remark that the longer coils 
would be more desirable from the standpoint of pre- 
venting flashover. 

The inductances were wound with iron wire as the 
damping effect of the distributed resistance was 
found to be of some benefit in providing smoother 
wave fronts. 


OSCILLOGRAMS OF ACTUAL WAVES 


For the several values of surge generator 
capacitance, the values of inductance and resistance 
were adjusted as closely as possible to the calculated 
values for the particular wave shape as given in 
table II. Figure 2 provides the circuit diagram to- 
gether with the range of values of the circuit con- 
stants and with dimensions to indicate circuit lengths. 
As stated before, all waves were recorded using a 
resistance cable divider to provide the proper volt- 
age for the deflecting plates. With the short length 
of cable (15 feet) and with divider resistances not 
over 15,000 ohms, there was no perceptible distortion 
of the wave shapes. 

Oscillograms were obtained of the impulse voltages 
produced with the circuit constants adjusted to the 
calculated values. In general, the values of time to 
reach the crest were closely equal to those of the stand- 
ard impulses but the time at which the voltage de- 
creased to 50 per cent of crest value was less than 
the prescribed time. Two probable causes of this 
were apparent. The first was the loss of energy 
due to the series resistors in the Marx circuit charg- 
ing arrangement and the second was the phenomena 
of residual charge or the inability of the condensers 
to give up all their stored energy during the short 
interval of discharge. The effect of this latter is to 
cause an apparent decrease in the capacitance of the 
surge generator. 

Figure 3 shows several of the oscillograms taken 
after the series resistance had been increased to 
provide the prescribed attenuation of the wave tail. 
Each wave was recorded with 2 sweeping rates, 
one to show the wave to the 50 per cent value on the 
tail and one to show the wave front alone and pro- 
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vide a more accurate determination of the time to 
reach the crest. Oscillogram a of figure 3 illustrates 
a 1!/,x 40 wave taken under conditions of low gener- 
ator capacitance and high resistance and inductance. 
The positive reflections are indicated by the over- 
shooting wave. All the oscillograms were obtained 
under conditions of minimum load capacitance with 
no sphere gaps or test piece connected. That the 
overshooting of the wave at its crest was not due to 
oscillations of the generator circuit inductance with 
any load capacitance was indicated by the fact that 
large amounts of series resistance in the generator 
gap circuits had no effect upon the overshooting. 
Likewise, the overshooting was not affected by con- 
necting a 50 centimeter sphere gap across the load 
resistance, the sphere gap having a capacitance of at 
least of the same order of magnitude as the effective 
distributed capacitance of the load resistance. 

Oscillograms b, c, and d of figure 3 show the 3 
standard wave forms obtained with generator 
capacitances sufficiently large to allow the use of 
relatively low values of inductance and resistance. 
In these latter oscillograms, positive reflections are 
entirely absent; the negative reflections which must 
exist have sufficiently small magnitude and low period 
to be readily attenuated, thus providing a smooth 
wave front. 

Table III provides a comparison of the actual with 
the calculated circuit constants for each of the 
oscillograms of figure 3, together with the time con- 
stants of the actual impulses. 


fase SES 


Fig. 3. Oscillograms taken after series resistance 
had been increased to provide prescribed attenua- 
tion of the wave tail. Time in microseconds 


(a). 11/2 x 40 wave with positive reflections (low gener- 
ator capacitance). C = 0.00614 X 10-8 farads,“L = 9.53 
1073 henrys, R = 9,180 ohms. Maximum released volt- 
age = 1,075 kv 
(Bb). 14/2 x 40 wave (high generator capacitance). C = 
0.0528 X 10-6 farads, L = 0.270 X 107 henrys, R = AF AIGIe) 
ohms. Maximum released voltage = 375 kv 


(c). 1x 10 wave (high generator capacitance). C = 
0.0528 X 107§ farads, L = 0.060 X 107% henrys, R = 259 
ohms. Maximum released voltage = 375 kv 


(dq). 1 x 5 wave (high generator capacitance). C = 
0.023 X 107§ farads, L = 0.082 X 1073 henrys, R = 245 
ohms. Maximum released voltage = 575 kv 
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Table Ill—Impulse Generator Circuit Constants and Time 
Constants for Oscillograms of Figure 3 | 


— ———— ae 


Time 

Inductance Resistance — 

To To 

Capacitance Calc. Actual Calc. Actual Crest 50% 

Oscil Wave pf mh mh ohms ohms ypSec ypSec 
Ba 5. 11/2 x40. ..0. 00614. .2).53) 5228S) 5 000 he Os 1 SOR al OmneetO 
80. l/s x40).-. 0..0528)5....052702-7.0,270) - 1 O50 all sON. eA 4O 
8c...) x 10%. 00528, -7,,..08060:-. 0060 244ee e259 Orel O 

Sdn le TEx) 023 + ..0079'.«.. OF 082"... 244s we 2AoE AL Ie ano) 


pf = microfarads 
mh = millihenrys 
psec = microseconds 


Appendix 


The calculation of circuit constants to produce a given wave 
shape is a rather laborious task. In the usual case the capacitance is 
known and the inductance and resistance are determined by trial 
and error substitutions. 

It is true that the substitution of the time constants of the wave 
(say 11/2 x 40 microseconds) and the value of the capacitance into 
the circuit equations gives rise to 2 equations with 2 unknowns, 
Rand L, but since the equations are of transcendental nature their 
solution for the values of R and Z cannot be obtained in the usual 
manner, A graphical solution has been presented in a paper by 
C. M. Foust, H. P. Kuehni, and N. Rohats.® If, for any particular 
wave, the values of resistance and inductance to produce that wave 
are calculated for several values of capacitance, and then plotted 
against the capacitance, it will be found that the curves are hyper- 
bolas (or straight lines if plotted on paper having logarithmic scales 
on both axes). Having once demonstrated the hyperbolic relations, 
RC = aand LC = 3, the values of a and } may be quite accurately 
determined by cut-and-try methods, once and for all. For that 
particular wave shape, the values of R and ZL may henceforth be 
quickly obtained by a simple slide-rule calculation. Since the con- 
stants a and b may be determined to any desired degree of accuracy, 
and since their use is not restricted to any given range of capacitance 
values, it would seem desirable to determine the values of R and L 
from these constants rather than from curves. 
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Discussions 


Of ALEE. Pipers——as Recommended for Publication by Technical Committees 


O: this and the following 16 pages appear the author’s closure of a paper 
presented at the induction motor session of the 1935 A.I.E.E. winter conven- 
tion, New York, N. Y., January 22-25, and discussion of papers presented at 
the electrical machinery, instruments and measurements, power generation, 
and selected subjects and sessions of the 1935 A.I.E.E. summer convention, 
Ithaca, N. Y., June 24-28. Author’s closures, where they have been sub- 
mitted, will be found at the end of the discussion on their respective papers. 
Members anywhere are encouraged to submit written discussion of any 
paper published in ELEcTricAL ENGINEERING, which discussion will be re- 
viewed by the proper technical committee and considered for publication in a 


subsequent issue. 


Discussions should be (1) concise; (2) restricted to the 


subject of the paper or papers under consideration; and (3) typewritten and 
submitted in triplicate to C. S. Rich, secretary, technical program committee, 
A.I.E.E. headquarters, 33 West 39th Street, New Vork, N. Y. 


Induction Motor 
Lucked Saturation Curves 


Author’s closing discussion of a paper pub- 
lished in the April 1934 issue, pages 536-41, 
and presented for oral discussion at the induc- 
tion motor session of the winter convention, 
New York, N. Y., January 24, 1935. Other 
discussion of this paper was published in the 
September 1934 issue, page 1312, and in the 
July 1935 issue, page 761. 


H. M. Norman: In reply to the point 
brought up by P. H. Trickey, it seems that 
there is possibly a misunderstanding re- 
garding the limitation placed on the method 
outlined in the paper when dealing with 
totally bridged slots. As explained in the 
first section of the paper, the reason for the 
work was to enable the designer to calcu- 
late the starting condition more accurately, 
and therefore it is the upper part of the 
locked saturation that stress was laid upon 
and not the very low values of locked cur- 
rent of value approximately equal to full 
load current. These low values of current 
would enable the calculation of a more ac- 
curate power factor for various loads and 
such curves as Trickey suggests would help 
in this direction because for each value of 
load current there is a different value of 
rotor slot reactance which causes the locus 
of the primary current to deviate from a 
circle. 

The paper does cover the case of bridged 
slots, however, when the upper part of the 
locked saturation curve is required, by the 
use of equations 8 and 9. The comparison 
of test and calculation is given in figure 7 
of the paper. 

In discussing the curve and formulas 
given by Trickey I would like to point out 
that if 2 machines of identical construction 
but different stacking be compared, then 
the value of H given in his discussion would 
be inversely proportional to the stacking. 
This would result in a different value of 
slot constant for each machine, while actu- 
ally they should be the same because there 
is the same value of current per rotor slot 
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in each machine resulting in the same 
amount of saturation of the bridge. Per- 
haps the value of slot constant given on this 
curve is supposed to include the stacking 
so that in finding the rotor slot reactance 
the stacking length is not introduced, but 
if so then the only curve that would check 
would be a hyperbola, and this curve devi- 
ates somewhat from a hyperbola. I can- 
not agree with the quantity H being called 
flux density. For a given magnetomotive 
force per slot, the flux density in the bridge 
is fixed regardless of the stacking, and also 
regardless of the thickness of bridge for all 
similarly shaped punchings. 

Notwithstanding our different view points 
on this matter, I think that a set of curves 
on this order would materially help to ob- 
tain the load power factors more accurately 
but would have to be used with discretion 
for starting conditions on account of the 
assumption of a constant zigzag reactance. 

The points brought up regarding punch- 
ing strains, machining tolerances, and vary- 
ing permeability of the iron are true; but 
it is fortunate that these various disturb- 
ing factors seldom pull all in the one direc- 
tion. Indeed, if this were not so, then the 
method outlined in the paper would itself 
not be reliable, because the same disturbing 
factors apply to the saturated zigzag flux 
path. 

S. F. Henderson has brought up a case of 
an extreme machine which had only 46 
per cent zigzag leakage at starting compared 
with load conditions. This is a lower per- 
centage than any motor I have checked so 
far, and as stated in the paper 50 per cent 
was the lowest percentage checked. 

I might comment on the fact that the 
inaximum torque of this particular machine 
has been calcuiated with and without cor- 
rection for saturation of the leakage paths. 
It brings out the point that the method 
used in the paper can be applied all along 
the speed torque curve, as has been done 
successfully on other machines, including 
double cage motors where the calculated 
speed torque curve did not check the test, 
but came reasonably close to it when the 
calculated curve was adjusted for satura- 
tion. 


Regarding the reactance formulas of the 
machines which Henderson requests, those 
used for the various slot shapes in figure 6 
are given here. They are given in the same 
sequence, and the same nomenclature 
applies, as in figure 6, and are for the tooth 
tip part only. 


= for the first 2 slot shapes 


a 3a2 

t + 2+h 

a 4a, 

t 3t + th 
Q, 3.3d2 

0.02 hy 
Keer as 

0.02 ty 


The last 2 of these formulas, being for 
bridged slots, are correct for only one value 
of current and might well be replaced by a 
system of curves as suggested by Trickey. 

The zigzag formula used was 


IWS, ap I& 
total area of gap (= *) 1.14 


SiS2ge 


Wf 10-8 


where g, is the equivalent air gap; for the 
other terms see the nomenclature used in 
the paper. The end leakage formulas were 
developed to suit the construction of the 
line of motors from which the various tests 
were taken and as they could not be gen- 
erally applied they are not included here. 


Rehabilitation of 
the Connors Creek Plant 


Author's closing discussion of a paper pub- 
lished in the June 1935 issue, pages 610-17, 
and presented for oral discussion at the power 
generation session of the summer convention, 
Ithaca, N. Y., June 25, 1935. Other dis- 
cussion of this paper was published in the 
September 1935 issue, pages 1001-2. 


R. E. Greene: C. M. Gilt correctly states 
that each problem presented in rehabilitat- 
ing and increasing capacity of old power 
plants must be settled on its own merits. 
He further points out that frequently an 
old plant can be advantageously used for 
stand-by and peak load service. Athough 
such a considerable portion of system 
standby concentrated at one location would 
have been in some degree awkward in view 
of The Detroit Edison Company’s practice 
of allocating load areas to each plant with 
loose-linking ties between, this difficulty 
would not have been insuperable. Serious 
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consideration was in fact given such an 
alternative. Apart from some relatively 
minor objections, the controlling reason for 
rehabilitating the old plant, rather than 
holding it for peak or emergency reserve, 
was the doubt in the minds of the company’s 
engineers of the real value of reserve capac- 
ity of this nature if the considerable ex- 
pense of keeping the plant manned and 
banked is to be avoided. 

Gilt also states that Table II of the paper 
shows that for new money plus value of 
equipment from other locations amounting 
to a total of $20,826,100, an increase of 
150,000 kw in capacity is obtained at $139 
per kilowatt. This is not a proper inter- 
pretation of this table as the sum men- 
tioned not only covers the cost of this addi- 
tional capacity but also includes money re- 
quired to modernize the old plant. He re- 
fers also to the ultimate book value of 
$30,367,200, showing that the final book 
value per kilowatt will be approximately 
$92. This is true but in considering these 
figures it should be remembered that the 
final book value includes nearly $10,000,000 
in land, buildings, and equipment retained 
from the old plant. 

C. A. Powell questions the statement “‘if 
high pressure units had been superimposed 
on the old plant, more maintenance and 
lower reliability, inherent with old equip- 
ment, would be retained.’’ This statement 
applied to the old low pressure units and is 
borne out by the fact that the turbines were 
due for rebucketing in a very short while if 
they were to be retained. Additional fac- 
tors which led to the decision not to super- 
impose were: (1) the low pressure turbines 
were nonbleeding and _ superimposition 
would have involved an undesirable system 
for feed water heating; (2) 2 30,000 kw 
generators were available for the construc- 
tion of the new units and many parts of the 
old units could be used; (3) the use of exist- 
ing machine foundations, which were ade- 
quate for the new and larger high pressure 
machines, would provide a very acceptable 
station arrangement; and (4) as the new 
machines were. to be single shaft and oper- 
ated on a simple regenerative cycle, they 
would provide a very rugged and easily oper- 
ated group of units. Obviously, many of 
these factors could not be evaluated in termes 
of dollars and a great deal of personal judg- 
ment, based on local conditions, entered 
into the decision. 

D. F. Pennell evidently feels that with 
the load area system of operation it is neces- 
sary to predict locations of load increases 
very closely or else the necessary added 
capacity will not be able to serve them. 
No difficulty from this occurs in Detroit as 
the system ties are capable of transmitting 
considerable blocks of power between areas. 
He also believes that this method of opera- 
tion does not permit the best use of machines 
in obtaining system efficiency. Again this 
is a matter of size of area ties, and as evi- 
dence that these are ample in Detroit, the 
net average system heat rate for the com- 
pany’s entire system in 1934 was 14,630 
Btu per kilowatt-hour. During that year 
the new and more efficient machines at 
Connors Creek were, as yet, supplying prac- 
tically no energy. With 2 of the new 
30,000 kw units now in service, the average 
system heat rate of the company’s territory 
is approaching 14,000 Btu per kilowatt-hour 
and will presently better that figure. Addi- 
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tional improvement may be expected with 
further development of the Connors Creek 
rebuilding program. 


Capacitive Excitation 
for Induction Generators 


Discussion of a paper by E. D. Bassett and 
F. M. Potter published in the May 1935 
issue, pages 540-5, and presented for oral 
discussion at the electrical machinery session 
of the summer convention, Ithaca, N. Y., 
June 26, 1935. 


R. E. Hellmund (Westinghouse Elec. and 
Mfg. Co., E. Pittsburgh, Pa.): As an old 
induction motor designer, I always have 
taken some interest in the possible applica- 
tion of induction machines as generators. 
In the early days when it generally was con- 
sidered that induction machines were 
cheaper and simpler than synchronous ma- 
chines and when certain difficulties were 
experienced from hunting with reciprocating 
prime movers, there seemed to be a possi- 
bility of applying induction generators. 
More recently, however, the economic re- 
lation between synchronous and induction 
machines for larger capacities has become 
such that the synchronous machine is re- 
placing the induction machine in a great 
many applications. 

For very small capacities it appears that 
the recent development of a great many 
different permanent magnet steels will 
tend toward the design of small synchronous 
generators with permanent magnets. There 
is, however, an intermediate range, such as 
mentioned by the authors, where there still 
seems to be a possibility of induction gene- 
rators finding occasional application; par- 
ticularly in the case of isolated engines and 
machines for some special purposes where 
higher frequencies are used, capacitive ex- 
citation may work out economically. 

In the paper, an arrangement for obtain- 
ing self-compounding of these generators is 
discussed. It may be quite worth while, 
however, to consider voltage regulators for 
adjusting the capacity, or, in some cases 
where there is no need for maintaining con- 
stant frequency, the regulation might be ac- 
complished through speed regulation of the 
prime mover. 


Charles Kingsley, Jr. (Massachusettes In- 
stitute of Technology, Cambridge): This 
paper presents interesting test data con- 
cerning certain characteristics of induction 
machines which, for the most part, have 
been well known for a number of years. 
I should like to mention that the determina- 
tion of the operating characteristics of a 
3-phase induction generator with shunt 
capacitive excitation has been used for 
several years as the basis of a dynamo 
laboratory experiment regularly assigned 
to senior students in electrical engineering 
at M. I. T. (See “Electrical Engineering 
Laboratory Experiments,” C. W. Ricker 
and C. E. Tucker, McGraw-Hill Book Co., 
second edition, third impression, 1930, p. 
297.) The obvious disadvantage of this 
method of excitation is the resulting poor 
voltage regulation, as shown in figure 2 of 


the paper. The method of ‘‘compounding” 


-the induction generator by the use of the 


appropriate value of series capacitance is 
interesting and, I believe, original. 

In discussing in the paper the effects of 
short circuits suddenly applied to the induc- 
tion generator with shunt capacitive excita- 
tion, the statement is made that the ma- 
chine current ‘‘never can be greater than 
that flowing in the windings at the time of 
application of the fault.’”” This statement is 
incorrect, as is clearly pointed out in a paper 
entitled -““Short-Circuit Current of Induc- 
tion Motors and Generators’ by R. E. 
Doherty and E. T. Williamson (A.I.E.E. 
Trans., v. 40, 1921, p. 509-39). The 
transient current can be calculated readily 
by the methods presented by S. J. Levine 
(“An Analysis of the Induction Motor,” 
Exec. Encc., v. 54, May 1935, p. 526-9) 
or by the methods given in the references 
at the end of Levine’s paper. 

Although the final steady-state short-cir- 
cuit current is zero for 3-phase short circuit 
of an induction generator with shunt ca- 
pacitive excitation, the first peak of the 
transient current may well be several times 
rated full load current. In fact, since the 
transient reactance of an induction machine 
is usually smaller than that of a synchronous 
machine of the same rating, the transient 
short-circuit current of an induction genera- 
tor is usually larger than that of a syn- 
chronous generator of the same rating. 

The experimental work of this paper was 
done on small machines which usually have 
relatively high ratios of resistance to re- 
actance, and consequently the transient 
currents die out rapidly. It is probably for 
this reason that the authors did not observe 
the large transient short-circuit currents 
which can be expected when larger machines 
are short-circuited. 


C. G. Veinott (Westinghouse Elec. and Mfg. 
Co., Springfield, Mass.): This paper is 
an unusually fine exposition on the subject 
treated, and furthers existing fundamental 
knowledge of induction machines. I was 


particularly interested in this paper because 
this phenomenon is likely to occur in a high 
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AMPERES 
Fig. 1. Test curves taken on a capacitor-start 
motor 


See text for explanation 
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torque capacitor motor which coasts for a 
long time after the power is removed. 

To check the theory given by the authors, 
a 1/, horsepower capacitor-start motor was 
selected and a no load saturation curve 
taken in the manner shown by the authors 
in their figure 1. For this test, different 
values of capacitance were connected across 
the main winding and the motor was driven 
by a direct connected duplicate motor. The 
points indicated by squares on curve A in 
figure 1 of this discussion were obtained. 

For comparative purposes, the results of 
a conventional “running saturation’’— 
such as is normally taken to separate core 
loss from friction and windage—were 
plotted as curve B in figure 1 of this dis- 
cussion. In the middle range of voltages, 
the agreement is practically perfect; at 
the lower voltages, the current ac is greater 
than the current ab because of the power 
component necessary to drive the motor, 
whereas in ab this power component is ab- 
sent because the machine is externally 
driven; the discrepancy between the curves 
at the higher voltages is explained almost 
entirely by the drop in speed of the driving 
motor at the high loads. (At 5 amperes, the 
speed was only about 1,750 revolutions per 
minute.) These results thus substantiate 
the theery of the authors. 

‘In an actual motor of the capacitor-start 
type, the capacitor is not connected directly 
across the main winding but may be con- 
sidered as being shunted across the 2 wind- 
ings in series, as shown in figure 2 of this 
discussion. It was assumed that these 2 
windings, for the purposes of our discussion, 
could be thought of as a single winding hav- 
ing a number of turns equal to 


ST + Ta?, where Tm and Ta are the 
turns on the main and auxiliary windings, 
respectively. 

To check this assumption, the starting 
switch was short-circuited and a saturation 
curve was obtained by connecting different 
values of capacitance in place of the capaci- 
tor shown in figure 2. For each value used 
the machine built up to voltage E with an 
exciting current J being supplied by the 
capacitor. To compare the points obtained 
in this manner with those previously taken, 
I was multiplied by a constant C and the 
corresponding E was divided by C where 


Fos <(es. 
Tm 


tained were plotted as crosses in figure 1 
of this discussion. 

It will be noted that these points agree 
remarkably well with curve A, thus sub- 
stantiating the authors’ theories, as well as 
justifying the assumption that the 2 wind- 
ings may be considered as a single winding. 
(The voltages across the main and auxiliary 
windings were measured separately, as well 
as the voltage across the condenser, and it 
was found that the voltages across the main 
and auxiliary windings were not in exact 
quadrature but were slightly more than 90 
degrees apart, although this angle seemed 
to remain nearly constant for several differ- 
ent values of capacitance. ) 

It was particularly interesting to note that 
values of less than half the normal ca- 
pacitance used with this motor would 
cause the motor to build up to such high 
voltages that the power losses were 2 to 3 
times the motor rating. If the starting 
switch of this motor had been short-cir- 


The points thus ob- 
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cuited, so that the motor’s own capacitor 
had been connected across the windings, 
and the motor driven at synchronous speed, 
the motor would have burned up in a very 
short period, and it is quite likely that this 
is typical of any high torque capacitor 
motor. 

However, this situation is not nearly so 
serious as it seems and very rarely causes 
trouble. The starting switch normally does 
not reclose until the motor has slowed down 
to approximately half speed where the con- 
ditions are very much different. Curve C 


Fig. 2. Connections of a capacitor-start motor 


in figure 1, shows a saturation curve taken 
with the motor driven at approximately 850 
rpm. It may be noted that at any given 
current, the voltage is approximately half 
of that obtained at full speed. This is as 
might be expected. However, the number 
of microfarads required for the machine to 
build itself up to any given current at half 
speed is 4 times as great as the number of 
microfarads to build it up to the same cur- 
rent at full speed because not only is the 
voltage halved by the reduction in speed, 
but so is the frequency. Below a certain 
critical value of capacitance the machine 
will not build up as a generator, as pointed 
out by the authors. This critical value is 
inversely proportional to the square of the 
speed. Thus it happens that, at half-speed, 
difficulty from the motor building up as a 
capacitor-excited generator is seldom en- 
countered. 

The methods of the authors may be ex- 
tended as indicated in this discussion to 
study just such phenomena. 


Time- Temperature Tests to 
Determine Machine Losses 


Discussion end author's closure of a paper by 
M. D. Ross published in the May 1935 issue, 
pages 513-5, and presented for oral discussion 
at the electrical machinery session of the 
winter convention, Ithaca, N. Y., June 26, 
1935. 


R. E. Hellmund (Westinghouse Elec. and 
Mfg. Co., E. Pittsburgh, Pa.): In view 
of the fact that time-temperature curves 
given by the author have met the rather 
exacting requirements of loss determination 
in a very satisfactory manner, it is surpris- 
ing that no greater use is made of such 
curves in connection with the rating of 
electrical machinery where intermittent 
duty cycles have to be precalculated. Dur- 
ing the International Electrotechnical Com- 
mission meeting at Prague last fall, serious 
consideration was given to standardizing 
on a multiplicity of intermittent duty 
ratings for electrical machinery. It may 


readily be seen what an enormous amount of 
testing would be required with the great 
number of machinery ratings to establish 
for each of them a number of intermittent 
duty ratings. It has been repeatedly shown 
in literature that intermittent duty cycles 
can be readily calculated, with an accuracy 
sufficient for such purposes, from the con- 
tinuous rating and certain data relating to 
the rate of temperature rise as can be deter- 
mined from the tangent of the time-tem- 
perature curve. Therefore, it would seem 
that when ratings of machinery are to be 
standardized to assist in the application 
of machinery to intermittent duty cycles, 
it should be along such lines. 

As pointed out in the paper, it is not 
convenient to obtain time-temperature 
curves for the rotating parts, and at times 
it may be difficult to obtain such curves 
even for the stationary parts. It is, how- 
ever, quite possible in such cases to obtain 
short time ratings, that is, 5, 10, or 15 
minute ratings, which give a rather close 
indication of the time-temperature char- 
acteristics of the machine. The American 
Committee on Railway Machinery, which 
deals with one of the applications where 
intermittent duty cycles are always en- 
countered, is seriously considering the 
proposal of short time ratings to take the 
place of the former one hour rating. This, 
I believe, is a step in the right direction and 
one worth-while following in the stand- 
ardization of ratings of other electrical 
machinery. 


L. A. Kilgore (Westinghouse Elec. and Mfg. 
Co., E. Pittsburgh, Pa.): This paper pre- 
sents a method of measuring the loss density 
in the various parts of electrical machines 
which has proved very useful in determining 
the actual distribution of losses throughout 
the machine. 

Where the loss is uniform throughout a 
body which is fairly well insulated ther- 
mally from other bodies the simple relations 
given in the paper are sufficiently accurate 
for practical measurements. However, 
in some cases where the thermal resistance 
between 2 bodies having different loss 
densities is relatively low, the initial slope 
measured in the 5 minutes required by the 
ordinary methods of test deviates consider- 
ably from the initial value which is a true 
measure of the loss density. Methods of 
empirically correcting for these effects have 
been given in the paper. 

It is interesting to consider the theo- 
retical analysis of the thermal transient of 2 
masses with some thermal conductivity 
between them. This approximates the 
condition of the stator copper and stator 
iron and also the conditions in the ring 
sample used for calibration. 

Let g; and q be the rates of heat gener- 
ation of the 2 bodies in watts per second; 
C, and C, the thermal capacities in watts 
second per degree centigrade; K, the ther- 
mal conductivity from the first body to the 
air, and K, the thermal conductivity be- 


tween the 2 bodies. Then 

do 
CQ dt + Kit: — (0. — 0)Ke = q 
and 

d05 


C2 Gh ar K (62 a 6;) a lf) 
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oA d f 
Writing P for i and reducing to one 
L 


equation for the general solution with 


q and gq = 0, 


[C\C,P? + (KC; + KiC, + KeC.)P + 
KK) 6; = 0 

Let —a@ and — 8 be the roots of this 
equation, then 


6, = A,e—t + Be?! 
k re In Se Ko as ae =H 
6. = A [ K K € ar 
B [= atc Ke as eS «Bt 
Ko Ko 


where A and B are constants to be deter- 
mined from the initial conditions. 

It will be noticed that each temperature 
now contains 2 exponential terms. It can 
be shown that the initial value of d6/dt 
is a measure of the loss density. However, 
if numerical examples are taken, it will be 
found that the slope over a 5 minute interval 
deviates appreciably from the initial values. 

Calibration tests were made on a ring 
sample with an exciting winding wound 
over a thin layer of insulation. The specific 
heat determined from the known loss and 
the slope of the time-temperature curve 
based on the readings taken for 5 minutes 
deviated widely from the theoretical value. 
However, when the above analysis was 
used and the complete theoretical curves 
drawn, it became apparent that the experi- 
mentally determined slope was being in- 
fluenced by the surrounding copper and the 
copper loss. At low values of flux the ex- 
citing current and the copper loss were 
very low so that the thermal capacity of 
copper caused the apparent specific heat of 
the iron to be too high. At high values of 
flux the exciting current was such as to cause 
a much higher loss density in the copper 
than in the iron, causing the apparent 
specific heat to be too low. At the point 
where the loss densities were equal the test 
checked the theoretical specific heat quite 
accurately. 


P. M. Lincoln (Cornell University, Ithaca, 
N. Y.): I note that certain deductions os 
to losses are made by determining the slope 
of the cooling curve during the first few 
minutes after shutting off the load. It is 
obvious that under the test conditions de- 
scribed, cooling takes place almost entirely 
by forced convection. I would like to ask 
whether or not any tests have been made 


to determine the law which connects cooling 
rate with temperature elevation under 
forced convection. It is well known that 
convection in still air does not follow a first 
power law. Is the same true with forced 
convection? This is important since any 
deductions drawn from the slope of the 
cooling curve during the first few minutes of 
cooling are affected by this cooling law. A 
slope taken on a given machine at a given 
temperature elevation does not hold for 
slopes taken at other temperature eleva- 
tions unless the first power cooling law holds. 
Has this first power law for forced convec- 
tion been confirmed? 

It is obvious that if the first power law 
for cooling holds for forced convection, the 
differential equation for cooling takes the 


0 
form i as 6 where @ is the temperature 


elevation and ¢ is the time. The solution 
of this equation is the well known exponen- 
tial. If, however, the cooling law for forced 
convection is the same as for convection in 
still air, it is well known that the differential 


\ do 
equation takes the form Fee GO Ane 


solution of this equation is mot an exponen- 
tial, although it has some of the character- 
istics of an exponential. The solution of 
these 2 differential equations is plotted in 
figure 1 of this discussion. It is obvious 
from these curves that any deductions 
drawn from the rate of cooling during the 
first few minutes after shutting off the load 
are vitally affected by the cooling law. 

May I suggest that the author would do 
the electrical industry a great favor if he 
will demonstrate by experiment whether or 
not the first power law holds for forced 
convection? 

There is no intention of disputing the 
soundness of the method of loss determina- 
tion suggested in the paper. The slope of 
the time-temperature curve at zero time is 
a true measure of losses. The curves in 
figure 1 of this discussion are deceiving in 
that they indicate a marked difference in 
the slopes at zero time. If we were at liberty 
to change the law of cooling at will, the 
temperature at zero time would be different 
with different cooling laws, but slope at zero 
time would always be the same. If the first 
power law holds, the resulting exponential 
time-temperature curve has the property 
that the intercept between a tangent and a 
vertical at the point of tangency on the @ 
= 0 line is the same at any point on the 
curve. If the first power law does not hold, 
the resulting time-temperature curve does 


a—Solution of differential equation 
dé 
ar — 0 
b—Solution of differential equation 
dé 
hese 
dhe 
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Fig. 1. Comparison 
of slopes of cooling 
curves 


not possess this property. Consequently, 
any deductions drawn from the slope at zero 
time will depend on the temperature eleva- 
tion at which the slope is taken. 

If this discussion has emphasized the 
need for more accurate experimental data 
on the laws which govern forced convection, 
it will have accomplished its object. 


V. M. Montsinger: (General Electric Com- 
pany, Pittsfield, Mass.): While not tied up 
directly with cooling of revolving apparatus 
windings after shutdown, I believe it may 
be of interest to point out some of my ex- 
perience in connection with the cooling of 
transformer windings after shutdown. Since 
it is not possible to measure the resistance 
of transformer windings at the instant of 
shutdown, it is necessary to have a simple 
method of correcting for the temperature 
drop between the instant of shutdown and 
the time of resistance measurement, which 
in some cases may amount to several de- 
grees. A cooling curve is, of course, the 
most accurate method but for economic 
reasons is not always practical. 

A few years ago I undertook the problem 
of working up a simple rule for the cooling 
of transformer windings after shutdown, 
The general formula for the cooling of a 
body is of the form 


T = To(1 — «—#) (1) 

where 

T = the temperature rise at any instant 
over its ambient temperature 

ar = the temperature rise at shutdown 

B = timeconstant — 

t = time 


As shown in my paper on ‘“‘Cooling of 
Oil-Immersed Transformer Windings After 
Shutdown” (A.I.E.E. Trans., v. 36, 1917, 
p. 711-830) the value of 8 may be written 


awe 
0.676 
Pe A+a 
% 
where 
a@ = the cross-sectional area of the 
copper, and 
A = the cross-sectional area of the cop- 
per plus the insulation 
Equation 1 is not rigorously correct 


since it is based on the assumption that the 
loss of heat is proportional to the tempera- 
ture rise, which is seldom true. The loss by 
convection (for either gas or liquid) is 
generally proportional to the temperature 
rise raised to the 5-4 power. 

I soon discovered that this formula could 
not be used for transformer windings, ap- 
parently for the reason that the cooling 
medium or ambient was the oil (flowing 
through the ducts) which changed in tem- 
perature along and with the winding tem- 
perature during the cooling period. Fur- 
thermore, the temperature of the oil in the 
ducts could not be determined very easily. 

According to equation 1, for the same ini- 
tial temperature rise the winding with 
considerable insulation on it should cool off 
at a slower rate than a winding with a small 
amount of insulation on it. Tests made 
on a variety of transformer windings showed 
that for the first 3 or 4 minutes the cooling 
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appeared to be approximately indepen- 
dent of the amount of insulation. At first 
this was difficult to understand. It soon 
became evident that some other factor was 
present which offset the increase in thermal 
capacity and expected slower cooling. 

A further study showed that this other 
factor was the higher initial temperature 
rise due to the insulation. This is well 
illustrated by 2 cooling curves taken on 2 
duplicate coils, one of which had no tape 
on it, and the other of which had 18 layers 


of 0.012 inch varnished cambric wound 


over both sides. These curves are given in 
figures 4 and 5 of the above mentioned paper. 

These curves show that while the taped 
coil started cooling at a slower rate than the 
untaped coil, yet due to its greater initial 
rise the 2 curves crossed when considered 
only from the-standpoint of cooling in de- 
grees centigrade. For practical purposes 
the cooling of transformer windings can, 
therefore, be based on the copper loss oniy 
for the first 3 or 4 minutes. For periods 
longer than about 4 minutes, the cooling 


of the taped coil became greater than that 


of the untaped coil. 

It should be stated, however, that this 
condition does not hold where the increase 
in insulation increases the surface dissipat- 
ing the loss as, for instance, where heavy 
turn insulation is used in line end or buffer 
coils, and where the extra insulation does 
not materially increase the initial rise. 
In most transformer windings the influence 
of the heavier turn insulation in the buffer 
coils is negligible and, hence, the cooling 
after shutdown can be made a function of 
the copper loss only. The present rule in 
A.1.E.E. Standards No. 18 for the cooling 
of transformer windings after shutdown is 
based only on the copper loss. 


M. D. Ross: The discussions by V. M. 
Montsinger and R. E. Hellmund bring out 
the importance of time-temperature meas- 
urements to the designer of electrical 
machinery, especially in regard to short 
time ratings. In predetermining the per- 
formance of machines on intermittent load- 
ing, it has been customary to calculate the 
losses in the machine parts and from these 
losses and the heat storage and cooling 
properties. of the machine, determine the 
shape of the time-temperature curve cor- 
responding to the estimated values of losses. 
The procedure described in the present 
paper is merely a reversal of this process 
by which we are able to obtain the actual 
value of losses which could not otherwise 
be experimentally obtained. 

P. M. Lincoln in his discussion asks if 
the rate of change of-heat flow in machines 
such as were tested is a linear function of 
the temperature difference between the 
machine surfaces and the cooling air. The 
following is quoted from page 642 of an 
article by G. E. Luke (‘‘The Cooling of 
Electric Machines,” A.I.E.E. TRANS., v. 
42, 1923, p. 636-51) in regard to heat 
transfer rates with forced convection as in 
turbine generators. 

“The unit heat transfer increases slightly 
with the temperature of the surface and air, 
but tests by the writer show that, for all 
practical purposes, the unit heat transfer 
is independent of the temperature over a 
range of from 20 degrees centigrade to 100 
degrees centigrade.” 
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Even where natural ventilation is used, 
the test method is theoretically correct. 
If the rate of heat flow is assumed to be 
proportional to (6 — 6¢)**5, equation 1 of 
the paper becomes 


g = k(O — Oc)'25 + ct 


Under steady conditions, 


= OE (Gyes 61’ Oni ee 
a ge ( © cl (90 = Gc) 1:25 
At timet = 0, 
d9 
G di = — k(8) — 6¢)1-25 
— gi ; 
ace 
or 
oye) 
dt Cc 


In other words, the initial slope of the 
time-temperature curve is the same for 
natural or forced ventilation. As the slope 
is measured by taking readings over about 
a 5 minute period, there might be some slight 
difference in the results depending upon the 
type of ventilation. 

L. A. Kilgore’s discussion is very inipor- 
tant as it givesa method of determining the 
possible error due to rapid heat flow from 
one part of the machine to another which 
might affect the accuracy of the loss meas- 
urements. A rough calculation, using the 
equations given in his discussion, will 
quickly establish the possibility of errors 
in the values determined by test. 


Sparking Under Brushes 
of Commutator Machines 


Discussion and authors’ closure of a paper by 
R. E. Hellmund and L. R. Ludwig published 
in the March 1935 issue, pages 315-21, and 
presented for oral discussion at the electric 
machinery session of the summer convention, 


Ithaca, N. ¥., June 26, 1935. 


J. C. Aydelott (General Electric Co., Erie, 
Pa.): Those who have examined the con- 
tact surfaces of brushes are familiar with the 
characteristic marking consisting of dis- 
colored areas in the otherwise polished sur- 
face. These areas may be of greater or less 
width extending back from the trailing edge 
of the brush and ending at a very distinct 
line. 

Possibly this brush face marking may be 
related to the phenomenon which is the sub- 
ject of this paper. In figure 9 of the paper 
there is shown a ripple in the current flowing 
from a commutator segment at the instant 
that the preceding segment breaks contact 
with the brush. If commutation is bad 
enough these ripples may be quite pro- 
nounced. The rapid increase in current 
density, according to the paper, will cause 
sparking under the brush resulting in the 
discolored brush surface just mentioned. 
If the phenomenon is caused by the pre- 
ceding segment under the same brush, the 
discoloration will extend exactly one seg- 
ment width under the brush face. In some 
cases a similar result is caused by flux link- 


ages in common between upper and lower 
conductors in the slot when a segment 
breaks contact with a brush of opposite 
polarity. In such a case, the width of the 
discoloration on the brush face may be some 
fraction of the width of a commutator seg- 
ment. 

In some instances there are 2 or more 
grades of discoloration, but in each there is 
a distinct line of demarcation between the 
various grades of discoloration or between 
the discolored areas and the polished surface. 
It is the sharpness of this line which con- 
firms the authors’ observation that sparking 
is caused by the rate of rise of current 
density. The location of the line as ex- 
plained above is related to segment spacing 
and brush spacing. 


V. P. Hessler (Iowa State College, Ames): 
I would like to add a few thoughts to the 
authors’ statements concerning the theory 
of the sliding contact. The various theories 
of the sliding contact as presented in the 
literature fall into 3 classes: the point 
conductance theory, the thermal emission 
theories, and the oxide film theory. The 
point conductance theory alone fails to 
explain most of the phenomena of the slid- 
ing contact but is useful as a part of the 
oxide film theory. 

The various thermal emission theories 
have been most widely advocated and 
seemed to explain many of the voltage 
phenomena of the sliding contact. The fact 
that visible sparking does occur on occasion 
between the brush and the ring indicates 
that thermal emission does take place under 
certain conditions, and that it must be con- 
sidered in the complete theory of the sliding 
contact. The decided effect of ring tem- 
perature upon contact drop was the first 
phenomenon to come to the writer’s atten- 
tion which seemed inexplicable on the basis 
of thermal emission. It was found by E. 
Arnold (£.T.Z., v. 28, 1907, p. 263-6) 
that increasing the ring temperature from 
20 to 90 degrees centigrade sometimes 
produced almost a 10 to 1 decrease in con- 
tact drop. These results seemed so para- 
doxical to the writer that they were re- 
peated and similar results were obtained. 
The magnitude of the effect varies qtite 
widely with the various grades of brushes. 

A. Schliephake (Elektrotechnische Zeit- 
schrift, v. 55, 1934, p. 814-15) and R. M. 
Baker (Elec. Jl., v. 31, 1934, p. 359-60 and 
448-50) have found that an oxide-free 
ring acts as a constant resistance as the 
current is varied. Also, the contact drop 
of the oxide-free contact is much less than 
the ordinary contact. Thus the oxide film 
seems to be rather largely responsible for 
the voltage phenomena of the sliding con- 
tact. 

If the temperature effects mentioned 
above and the drooping characteristic of 
the voltage current curves are to be ex- 
plained upon the basis of the oxide film it 
would seem that cupric oxide should have a 
negative temperature coefficient of resist- 
ance. This is found to be the case as shown 
by F. Horton (‘‘The Electrical Conductivity 
of Metallic Oxides,” Phil. Mag., v. 11, 
1906, p. 521). The conductivity of fused 
cupric oxide increases many times as the 
temperature is increased from 12 to 150 
degrees centigrade. Thus it is apparent that 
certain sliding contact phenomena are ex- 
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plained upon the negative temperature co- 
efficient of resistance of cupric oxide. 

On the basis of the above theory the tran- 
sient voltage drop characteristic of a sliding 
contact would be expected to lie above the 
static characteristic as found by the authors. 
In some similar experiments made by the 
writer on stationary contacts the resistance 
continuted to decrease for 5 seconds after 
the current was suddenly increased. 


W. A. Boyer (Anaconda Copper Mining Co., 
Butte, Mont.): In connection with the 
operation of d-c machines, the problem of 
commutation is an ever interesting one. 
The general opinion is that the various coils 
of an armature as they come into the com- 
mutating zone are all treated alike; in 
other words, that a voltmeter reading from 
a point on the surface of the commutator 
under the leading and trailing edges of a 
brush tothe brush arm indicates a commutat- 
ing condition which all the coils on the arma- 
ture are subjected to when they come within 
that zone. Also, it is more or less taken for 
granted that this condition remains the 
same with respect to time unless some 
change in the mechanical adjustment of 
the machine has been made. 

This general opinion does not give a true 
story of what actually is taking place. 
In figure 1 of this discussion is shown a por- 
tion of an oscillogram taken on a 1,650 kw 
d-c generator shortly after it was stoned. 
This particular machine is used in connec- 
tion with a Ward-Leonard controlled elec- 
tric mine hoist, so that its working conditions 
are continually changing. 

Figure 2 shows a portion of an oscillo- 
gram of the same machine taken after 14 
days, and figure 3 shows another taken just 
before the commutator was stoned, or 3 
months after that in figure 1 was taken. 

When these various figures are compared 
the contact drop curves are seen to change 
considerably. The charige in figure 2 from 
figure 1 has been the result of growth of com- 
mutator film. When figure 2 was taken com- 
mutation was very good, no visible sparking 
taking place even on peak loads of 250 per 
cent of normal load. 

In figure 3 commutator film and mechani- 
cal roughness of bars causes the extreme 
fluctuations. The edges of some of the burs 
were burned in this instance, and commuta- 
tion had become very poor. 

After a commutator has been newly 
stoned, the film does not enter into the com- 
mutation problem. The differences in 
contact drop as the various bars are passing 
under the brush are due to the variation in 
the voltages that the various coils are sub- 
jected to as they pass through the commutat- 
ing zone. Their voltages of self and mutual 
induction may vary due to the construction 
of the coil and their placement in the slot. 
The commutating flux that the coils pass 
through may vary due to either a magnetic 
oscillation caused by varying reluctance of 
the flux path as the armature rotates or a 
magnetic oscillation caused by a variation 
of the magnetomotive force causing the 
flux to pass through the commutating zone. 
All of these influences may be seen clearly 
in figures 1 and 2. 

With this variation in the resultant volt- 
ages affecting the coils as they come into the 
commutating zone, the short circuit cur- 
rents vary. Thus the commutator bars 
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will have formed on them a commutator 
film of different physical and electrical 
characteristics, as may be observed on prac- 
tically any machine by the slight variation 


in color of the commutator bars. In all 
instances it will be found that the order of 
coloring or burning of bars repeats itself 
more or less closely, every single or double 
pole pitch. 

The contact voltage variations continue 
to increase with the growth of the film. If 
the film reaches a stable condition and the 
contact drop voltages are within the spark- 
ing limit of the brush, commutation may 
hold for an indefinite period and the brush 
application is said to be all right. When 
the film does not reach a stable condition 
before the voltage variation reaches the 
sparking limit of the brush, sparking results 
with its burning of bars and poor commuta- 
tion. The length of time necessary for the 
film to reach a stable condition depends 
upon a great number of factors, such as 
the design of the machine, nature of the 
brush, nature of the load, speed of the 
machine, spring tension of the brush, tem- 
perature, character of the surrounding 
atmosphere, etc. The length of time to 
reach the sparking limit of the brush may be 
from a few days to several years. 

My observations check fairly well with 
those given in the paper, in that transient 
voltages under the brush may reach over 3 
volts with no visible sparking. From a large 
number of observations I am led to believe 
that the transient characteristic curve for 
any grade of hrush will vary when taken on 
copper rings upon which a film has been 


Figs. 1-3. Oscillograms of commutation of a 
1,650 kw d-c generator operating at full load 
of 750 volts and 2,200 amperes 


Figure 1 (upper left) taken shortly after ston- 
ing commutator; figure 2 (left) taken 14 days 
after stoning; figure 3 (upper right) taken 3 
months after stoning 
voltage between 2 adjacent bars 
voltage between a point on the 
commutator under the leading edge of the 
brush and the brush arm 
V3 = voltage between a point on the com- 
mutator under the leading edge of the brush 
and a point under the trailing edge 


formed previously using various current 
densities. That is, the transient character- 
istic curve taken while using copper rings 
upon which a film has been formed previ- 
ously with the brushes having a current 
density of 60 amperes per square inch will 
be different from a curve taken the same 
way but with the film on the rings formed 
while the brushes had a current density of 
120 amperes per square inch. 

The static characteristic curve may vary 
somewhat, also. when using these different 
rings but I expect the greatest difference in 
the transient characteristic curve. I am led 
to believe, also, that the static and transient 
characteristic curves may not differ so much 
using various grades of brushes on rings 
newly polished, the difference appearing 
when rings are used upon which the films 
have been formed with the various current 
densities. 


R. E. Hellmund and L. R. Ludwig: Since 
our paper made but very brief reference to 
the various theories previously advanced 
for contact phenomena, the discussion con- 
tributed by V. P. Hessler, giving a brief 
review of such theories and also adding in- 
formation regarding the temperature co- 
efficient of cupric oxide and its bearing on 
the phenomena, is very appropriate. The 
paper mentions that we did not wish to dis- 
count the importance of the oxide film 
theory. There is a great deal of evidence 
supporting this theory. For example, Doc- 
tor Holm in Germany has made striking 
tests by developing oxide on a slip ring and 
subsequently removing it over half the cir- 
cumference. Voltage drop tests with such 
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a ring very clearly demonstrated the differ- 
ence caused by the oxide film. The work 
done by R. M. Baker also gives quite con- 
clusive evidence along this line. The entire 
matter may be further complicated, how- 
ever, because of other variables in addition 
to the temperature coefficient of the oxide. 

There have been described in some pub- 
lication certain tests made with constant 
current on knife switches closed over a con- 
siderable period, which showed periodic 
variation in temperature. The explanation 
given was that a certain oxide film was 
formed with a low temperature, such film 
having a rather high resistance. Because of 
this high resistance, the temperature of the 
switch would further rise, resulting in the 
formation of a different oxide having a lower 
resistance. This in turn reduced the losses 
and the temperature to the point where 
the first oxide began to form, leading to a 
repetition of the cycle described. It is quite 
conceivable that similar conditions may pre- 
vail with a sliding contact and account for 
some of the phenomena encountered in 
practice. Particularly on account of the 
relatively low average temperature of the 
commutator and the very high local tem- 
peratures at certain points, especially where 
sparking occurs, the formation of different 
oxides at different portions of the surface 
and for different load conditions is quite 
likely. It has further been definitely es- 
tablished in Westinghouse laboratories that 
the humidity of the air affects the contact 
resistance over certain ranges, so that we 
may actually expect changes in commuta- 
tion with changes in the weather. 

Most of the theories advanced by various 
research workers for the sliding contact 
phenomena relate chiefly to normal load 
conditions. While the consideration of these 
conditions is the first step necessary in such 
investigations, the designer is really more 
interested in what occurs under abnormal 
conditions, that is, with very high current 
densities, etc. The reason for this is that 
under normal conditions he does not en- 
counter any unusual problems and it is only 
in overcoming the limitations imposed by 
abnormal conditions that his best efforts 
are put forth. It is quite conceivable that 
a certain set of phenomena are involved 
when a glossy oxide surface is formed, while 
different or additional phenomena have to 
be considered under conditions causing a 
smudgy contact surface. 

The great variety of conditions and vari- 
ables is well demonstrated by the dis- 
cussion given by W. A. Boyer. The data 
presented by him are particularly valuable 
because they have been collected under 
operating conditions such as found in actual 
practice. This is information of a kind that 
usually cannot be obtained by the designer 
and research worker and it would, therefore, 
be highly desirable for him to publish a 
rather full account of his work, giving the 
results obtained together with certain design 
data relating to the machines tested, such 
as the number of slots, the number of coils 
per slot, the armature chording, and so on. 

We were interested particularly in his 
statement to the effect that different char- 
acteristics will be obtained if the oxide film 
has been formed with a current density of 
60 amperes, for instance, than if it has been 
formed with a density of 120 amperes per 
square inch. This is quite in line with other 
experience to the effect that the conditions 
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obtained during a certain load and operat- 
ing condition are much influenced by the 
character of the preceding loads and the 
previous history of the commutator surface 
of certain parts thereof. 

Figure 2 given by Boyer particularly 
seems to indicate that there can be a dif- 
ference in different parts of the commutator 
not only because the electrical conditions 
vary periodically with the number of slots 
and the inductive relations of the armature 
coils and the slots to each other, but also 
because different portions of the commuta- 
tor have had a different history. It will be 
noted for instance that the voltage V2 
varies periodically with the pole pitch. This 
is a condition frequently observed and which 
also agrees with his statements that certain 
coloring and burning of bars repeat them- 
selves more or less closely every single or 
double pole pitch. The explanation for this 
seems to be that whenever the machine is 
standing still for some time after an operat- 
ing period, the cooling conditions of certain 
segments near the brushes are different from 
the cooling conditions of the segments be- 
tween brushes. Such a difference in cooling 


conditions seems to leave the various por- 
tions of the commutator surfaces in a dif- 
ferent condition with regard to the oxide 
If subse- 


film and other characteristics. 


Fig. 4 (left). Transfer of short-circuit current 
concentrated in portion of brush 


Fig. 5 (right). Transfer of short-circuit current 
with relatively low density in brush 


quently the machine begins to rotate again, 
this difference scems to persist, as indicated 
in figure 2 of Boyer’s discussion, even 
though various portions of the commutator 
carry the same load during the operating 
period. 

The discussion contributed by J. C. 
Aydelott brings up a very interesting ques- 
tion. With conditions as shown in figure 4 
of this discussion, where the short-circuit 
current of coil 1 may be suddenly trans- 
ferred to coil 2, which is assumed to be lo- 
cated in the same slot, there will occur in 
the brush portion d not only a sudden 
change in current but also a high density 
because d is very small. However, if in 
figure 5 of this discussion the short-circuit 
current of coil 1 is suddenly transferred to 
coil 2, there will be a sudden change in 
current but the density will not be very 
high because the entire width w of the seg- 
iment carries such current. As pointed out 
in the paper, it requires a combination of 
sudden current change and high density to 
cause sparking. However, previous con- 
siderations were under the assumption that 
there was contact between the entire width 
of the segment and the brush. With the 
many irregularities occurring in the contact 
phenomena, it is quite conceivable that one 
edge of the commutator segment, for in- 


stance the leading edge, will heat to a greater 
extent than the trailing edge, causing 
greater expansion of the leading edge and 
resulting in conditions indicated in a very 
exaggerated manner in figure 6 of this dis- 
cussion. In actual practice, the difference 
in expansion may be very small and the 
clearance ¢ may be in the order of only 
0.0001 or 0.0002 inch. Nevertheless this 
may be sufficient to cause most of the cur- 
rent 7 to flow through the leading edge and 
thus bring about a combination of sudden 
change and high current density. As a 


Fig. 6. Effect of greater 
heating of leading edge 
of commutator segment 


matter of fact, it frequently can be noted 
that the appearance of the 2 edges of the 
segments of commutators is entirely dif- 
ferent, indicating that their participation in 
the carrying of the current and in the com- 
mutating phenomena is different. 

In order to avoid misunderstandings, it 
may be well to point out that the references 
made in our paper to phenomena at or near 
the edges of the brush relate to what happens 
near the edges but under the brush. In a 
previous paper, entitled ‘‘Commutation 
Considered as a Switching Phenomenon,” 
(R. E. Hellmund and L. R. Ludwig, 


“A.LE.E. Trans., v. 51, June 1932, p. 465- 


8) consideration was given to what occurs 
at the very edge which forms the last or first 
point of contact in the opening or closing 
of the circuit of an armature coil. In this 
earlier paper it was pointed out that certain 
damping effects are beneficial to commuta- 
tion at the very edge of the brush. In the 
present paper it is shown that sudden 
changes in current are undesirable, which in 
turn means that any damping effects that 
can be introduced to avoid such sudden 
changes would be beneficial in preventing 
sparking under the brush as well. Simi- 
larly, such features as split-throw coils, 
which were considered beneficial in the 
previous paper, may prove of advantage 
with reference to the phenomena discussed 
in the present paper. 


Saturated 
Synchronous Reactance 


Discussion and author's closure of a paper by 
Charles Kingsley, Jr., published in the March 
1935 issue, pages 300-5, and presented for 
oral discussion at the electrical machinery 


session of the summer convention, Ithaca, 
N. Y., June 27, 1935. 


S. B. Crary (General Electric Co., Schenec- 
tady, N. Y.): This paper is of particular 
interest as it presents a comparison be- 
tween a calculated and a test power angle 
characteristic which is further evidence as 
to the correctness of the well-known cylin- 
drical rotor vector diagram which was used. 
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There is a point in the paper, however, 
which probably could be clarified. 

In the second paragraph of his paper the 
author states that ‘‘the synchronizing power 
of the equivalent machine,” as given in 
reference 3, ‘‘will not in general be the 
correct value for the actual saturated 
machine’ and “‘This may introduce con- 
siderable error as shown in table II.” It 
should be noted that the error he speaks 
of is in the synchronizing power coefficient 
dP/dé5 and not in the calculated power 
limit, i. e., dP/dé,, of reference 3 for the 
cylindrical rotor case does not necessarily 
equal dP/dé (actual). This was discussed 
in the closing discussion of reference 3 
(A.L.E.E. Trans. [Evec. Encc.], v. 53, 
April 1934, p. 695-7) in which a method 
was given for obtaining dP/dé and in which 
it was shown that for a particular case, 
dP/di,, approaches dP/dé at pull-out. 
It would be of interest if Kingsley would 
use the method of reference 3 and compare 
it with the results given in his table I. 

An equivalent unsaturated machine for 
the cylindrical rotor case can be obtained, 
in a similar manner as was obtained for 
the salient pole case, which will have all 
the characteristics of the actual machine 
for small changes. This more accurate 
equivalent would require 2 equivalent 
reactances instead of one so that the addi- 
tional condition of dP/di,, = dP/d5 can 
be satisfied. However, as in the salient- 
pole case, this additional refinement is not 
usually nec: ssary for practical calculations 
as both salient pole and cylindrical rotor 
machines are quite accurately represented 
at pull-out by one equivalent reactance. 


H. B. Dwight (Massachusetts Institute of 
Technology, Cambridge): This paper is 
characterized by a feature which is of great 
advantage in this type of work, namely, 
the author of the paper has made tests 
which show the accuracy of his method. 

If a stability calculation whose purpose 
is to show the load angle. for a certain case 
or the maximum load for certain conditions, 
transient or otherwise, is put forward, 
then the person making the calculation 
should, if at all possible, make tests on 
practical machines to show the correctness 
of the calculation. Such tests should in- 
volve as complete a set-up of apparatus 
as possible and a variety of machines, and 
should include actual measurements of 
load angle and of maximum power, since 
these are the results for which the calcu- 
lation is made. Greatly improved instru- 
ments for measuring load angle are now 
available, among the new types being those 
developed by Prof. H. E. Edgerton. It is 
to be hoped that more of such tests will 
be published. 


L. A. Kilgore (Westinghouse Elec. and Mfg. 
Co., E. Pittsburgh, Pa.): This paper pre- 
sents in a very clear manner one method 
of dealing with saturation in calculating 
power angle curves and maximum power 
for a synchronous machine. Any method 
of accurately calculating the excitation of 
a machine for different loads is suitable 
for calculating maximum power in a step- 
by-step process. The A.J.E.E. method of 
calculating excitation at different power 
factors from the no load and zero power 
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factor curves gives good results, although 
it is largely empirical. 

The assumption is made that the satura- 
tion is the same under load as at no load 
for the same air gap voltage. This as- 
sumption is not so incorrect for turbine 
generators but for salient pole machines it 
is seriously in error. If the author had 
used Potier’s reactance xp throughout 
instead of stator leakage, the accuracy 
would be greatly improved for Potier’s 
reactance empirically makes an allowance 
for the field leakage and although it does 
vary somewhat, it gives quite good results. 
Using Potier’s reactance equation 2 be- 


k and none of 


the other equations are affected. 

It is interesting to consider the difference 
between the “saturated synchronous re- 
actance’’ as described in this paper and the 
“equivalent reactance’ described in ref- 
erence 3. The saturated reactance repre- 
sents at least approximately the correct 
relations between the fluxes in the machine 
and gives the true angle. It is necessary 
to correct the internal voltage by a factor 
k to get a measure of the field current and 
since k and the reactance are variable, the 
synchronizing power or rate of change of 
power with respect to angle can only be 
calculated by a step-by-step process. 

The equivalent reactance as described 
in reference 3 was intended as a value 
which would give the correct change in 
terminal conditions for a small change 
away from a given operating point with 
field excitation. The value of the equiva- 
lent reactance is generally much lower than 
the saturated reactance, and has less 
physical meaning since it does not represent 
the flux in the machine and it does not give 
the true internal angle. The equivalent 
reactance is easier to use once it has been 
determined, since it requires no factor k 
for the internal voltage. The problem of 
calculating or testing this quantity is 
difficult for an accurate analysis shows that 
the value is not only different for each 
operating condition, but varies appre- 
ciably for different directions of change 
away from each point. 

The conclusion is that the equivalent 
reactance is a quantity easy to use but 
difficult to determine whereas the saturated 
reactance as defined here is more readily 
determined and has a direct physical 
meaning. Both of these quantities have 
their use in special problems but it is 
doubtful if either will supplant the short 
circuit ratio as a measure of a machine’s 
stability under steady state conditions. 


Xa 
comes: *, = Xp + 


Sterling Beckwith (The Metropolitan Water 
District of Southern California, Los 
Angeles): The author has made a valuable 
contribution to the knowledge of saturated 
synchronous reactance. He has, by the 
artifice of representing a machine by a 
“saturated”? reactance that must be used 
with a chang'ng internal voltage, obtained 
a much simpler expression for saturated 
synchronous reactance than is otherwise 
possible, so that in many cases his method 
should be superior to others. 

A question I wish to raise, however, is 
whether as a general method of attack in 
a complicated problem the method of using 
varying internal voltages is as powerful 


or simple a method as the method (ref- 
erences 1, 2, 3, 4, and 5 of this discussion) 
which uses either a fixed internal voltage, 
or an internal voltage which is constant 
during the incremental interval in which 
stability is being checked. 

In Kingsley’s method there is a simple 
expression for saturated reactance; a 
simple expression for the voltage behind 
it; a reasonably simple method of cal- 
culating power angle characteristics; a 
fairly simple method of calculating maxi- 
mum power; and the limitation that the 
external system must be reduced to an 
equivalent series impedance. 

In the other methods, there is a compli- 
cated expression for saturated or equivalent 
or adjusted reactance (but a simple ap- 
proximation) a fairly simple expression 
for internal voltage (it must be merely the 
internal voltage that gives proper terminal 
conditions) a simple method of checking 
stability at the point of operation (any of 
the conventional methods may be used) 
a difficult step-by-step method of obtaining 
a power angle characteristic (because of 
the changing saturation) and a simple 
means of allowing for complicated external 
systems by means of transfer and driving 
point impedances. There is also a further= 
advantage in that 2 machines of equal 
reactance at the pull-out point will have 
equal stability limits, which is not true 
of the reactance Kingsley defines as satu- 
rated synchronous reactance. 

In the problems with which I have dealt 
in the past, the second method has ap- 
peared to be better than Kingsley’s method 
but different problems and more experience 
with his method are necessary before 
drawing a final conclusion. 


1. EQUIVALENT REACTANCE OF SYNCHRONOUS 
Macuines, S. B. Crary, L. A. March, and L. P. 
Schildneck. Exerc. Enco. (A.I.E.E. TRANS.), v. 53, 
Jan. 1934, p. 124-32. 


2. ApjusT—ED SYNCHRONOUS REACTANCE, AND 
Irs RELATION TO STABILITY, H. B. Dwight. Gen. 
Elec. Rev., v. 35, Dec. 1932, p. 609. 

3. Discussion by G. C. Dahl of ref. 1. Evzc. 


Enco. (A.I1.E.E. Trans.), v. 53, April 1934, p. 
604-5. 


4. Discussion by J. W. Butler of ref. 1. Exec. 
Enc. (A.I.E.E. Trans.), v.53, March 1934, p. 484. 


5. Discussion by Sterling Beckwith of ref. 1. 
Exec. Encc. (A.I.E.E. TRAns.), v. 53, March 
1934, p. 486-7. 


Charles Kingsley, Jr.: S. B. Crary believes 
that the statement in the second paragraph 
of the paper in regard to the synchronizing 
power of the equivalent machine may be 
misleading. I believe that the statement 
in the paper is correct, though perhaps it 
should be amplified; i. e., ‘‘the synchroniz- 
ing power of the equivalent machine will 
not im general be the correct value for the 
actual saturated machine.” However, 
as Crary has pointed out, it is expected 
that this error usually will be small at 
pull-out. 

I did not use the method of reference 3 
of the paper to calculate the maximum 
power, as Crary has suggested, since I 
do not believe that this method is readily 
adapted to this type of calculation. As 
stated in the fourth paragraph of the paper, 
the method of reference 3 is, practically 
speaking, restricted to cases where the 
terminal operating conditions are explicitly 
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known. In calculating maximum power 
at given constant values of field excitation 
and receiver bus voltage, the terminal 
load conditions at pull-out are not ex- 
plicitly known. Hence, in order to use 
the, method of reference 3, it would be 
necessary to resort to a rather laborious 
cut and try process. 

I agree with H. B. Dwight that the publi- 
cation of further test data showing power 
angle characteristics for a variety of ma- 
chines under both steady-state and transient 
conditions would be of great interest. 

L. A. Kilgore’s discussion raises several 
interesting points. He mentions the use 
of the A.I.E.E. method for calculating 
maximum power. Methods D and E of 
table I of the paper are adaptations of the 
A.J.E.E. method, and the table shows the 
accuracy of these methods for several 
different cases. Although the A.1.E.E. 
method and its various modifications give 
reasonably close results in calculating 
excitation at lagging power factors, larger 
errors may be introduced in calculating 
maximum power, since the A.I.E.E. method 
does not give the correct value for the load 
angle of the machine. 

Kilgore suggests that the use of Potier’s 
reactance instead of armature leakage 
reactaiice may give increased accuracy, 
since Potier’s reactance empirically makes 
an allowance for the change in field leakage 
under load conditions. However, as Kil- 
gore points out, the effects of field leakage 
are usually not very great in turbine genera- 
tors, and as shown by March and Crary 
(ELEc. Enae., v. 54, April 1935, p. 378) 
Potier’s reactance is usually approxi- 
mately equal to armature leakage reactance 
for cylindrical rotor machines (though I 
have found a case in which Potier’s re- 
actance was about twice the caiculated 
value of armature leakage reactance). 
Since this paper is confined to the cylindrical 
rotor case, probably there is in most cases 
little difference between Potier’s reactance 
and armature leakage reactance. Also I 
should like to point out that the results 
obtained by the methods of my paper are 
only slightly affected by the value of 
leakage reactance used in the equations. 
For example, I have calculated case I, 
method B of table I of the paper using a 
value of x, = 0.052 (half the value used in 
calculating table I). The result so ob- 
tained checks the value given in table I to 
within a fraction of one percent. However, 
I am attempting to extend the methods of 
this paper to the salient-pole machine, 
and in this case his suggestion may prove 
valuable. : 

Kilgore makes an interesting comparison 
between the ‘‘saturated synchronous re- 
actance” as described in my paper and the 
“equivalent reactance” of reference 3. I 
should like to add that an analytical solution 
for the steady-state synchronizing power 
can be obtained from saturated synchronous 
reactance for the simple system of figure 1 
as follows: 

Differentiating equation 6 of the paper, 
remembering that (kZ) and aware variables: 


aPe Ee ( ~ £2) cas (8 = @) - 
dé kZ 
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It is necessary to evaluate da/dé and 


d(kZ)/ds. It can be shown that these 
derivatives can be expressed as follows: 
da Xm ., 1 dk 

e BZ sin @ td : (2) 
d(kZ) 1 dk 

a 3 (kZ — xm cos a) ; a5 (3) 


The derivative dk/dé can be evaluated in 
terms of the slope of the saturation curve 
by differentiating equation 8 of the paper 
and making use of equation A-6 derived in 
Appendix A of reference 3. The result is: 


1 dk “4 SEfVZ¢Xm sin (6 — ae) (4) 
kds (bZEg)%(1 Sine ) 
a bZ cos @ 
where 
Ss = slope saturation factor = a/E, 
= intercept shown in figure 2 of reference 


3. 


For given terminal load conditions, all 
quantities on the right hand side of equation 


1 dk 
4 can be calculated. Hence B a5 can be 


calculated from equation 4 and the result 
substituted in equations 2 and 38. Sub- 
stituting the resulting values of da/dé and 
d(kZ)/dé in equation 1, the corresponding 
value of the synchronizing powei can be 
obtained. If the field excitation EH, and 
receiver bus voltage V are given, but the 
terminal load conditions are not explicitly 
known, the saturated values of (kZE,)?, 
(kZ), aw and s to be used in the equations 
can be obtained as functions of 6 by using 
equation 8 of the paper and auxiliary 
curves similar to those of figure 5 of the 
paper, adding to figure 5 a curve of s asa 
function of (kZE,)?. 

Sterling Beckwith has pointed out a 
limitation to the method described in the 
paper. Equations 2 and 3 of the paper 
give the saturated synchronous reactance 
and excitation voltage of a cylindrical 
rotor machine regardless of the external 
system, and can be used in the analysis of 
a complicated system by employing a cut 
and try process to determine the air gap 
voltage at which the saturation factor k 
of each machine must be taken. I believe 
that something of this nature also may be 
necessary in sing the methods of references 
8, 4, and 5 of Beckwith’s discussion. How- 
ever, in order to use equation 8 and the 
auxiliary curves of figure 5 of the paper, 
the external system must be reduced to an 
equivalent impedance in series with a 
constant voltage. I believe that this same 
limitation is imposed on the method of 
reference 38 of the paper (reference 1 of 
Beckwith’s discussion), and that any ap- 
proximations which can be made in re- 
ducing the external system for use with 
the method of reference 8 can also be used 
in connection with the method of my 
paper. Since the publication of my paper, 
I have developed a way of applying my 
method to more complicated systems by 
using it to calculate machine performance 
charts somewhat similar to those described 
in Beckwith’s paper (Etec. EnaG., v. 54, 
July 1935, p. 728-34). 

I believe that in any comparison between 
the methods of this paper and other methods 


of calculation, consideration should be 
given to the fact that the methods of this 
paper are based on a more nearly correct 
theoretical foundation than the others 
(with the possible exception of reference 3 
of my paper), and that the accuracy is 
accordingly greater. The accuracy with 
which the system to be analyzed can be 
reduced to a simple equivalent system and 
the accuracy desired in the solution, as 
well as the relative simplicities of the various 
methods of calculation, will be important 
factors in deciding which method should 
be used. 


Effects of Saturation 
on Machine Reactances 


Discussion and author's closure of a paper by 
L. A. Kilgore published in the May 1935 
issue, pages 545-50, and presented for oral 
discussion at the electrical machinery session 
of the summer convention, Ithaca, N. Y., 
June 27, 1935. 


Charles Kingsley, Jr. (Massachusetts In- 
stitute of Technology, Cambridge): Satis- 
factory theoretical methods are known for 
taking into account the effects of satura- 
tion on the synchronous reactances under 
balanced steady-state operating conditions. 
Under unbalaiced or transient conditions, 
the effects of saturation on the various 
reactances become extremely complicated, 
and at present no satisfactory theoretical 
solution for these effects is known. This 
paper presents empirical methods based 
on the average of the results obtained from 
a large number of tests on representative 
machines of various types. The paper 
summarizes the best information which is 
at present available. The proper use of 
these empirical methods should, in most 
cases, increase the accuracy of calculations 
involving the unbalanced or transient 
operation of machines which do not differ 
greatly from average designs. However, 
it is to be hoped that methods eventually 
will be developed which take into account 
more accurately the various factors which 
affect the results. 

Kilgore has raised a question in regard 
to the specification of the degree of satura- 
tion to be understood in giving standard 
definitions of the various reactance coeffi- 
cients. This question is one which should 
be definitely settled. He recommends 
that some of the reactances be defined as 
the unsaturated values, while others be 
defined as the saturated values applying 
for sudden short circuit at rated voltage 
with no load. 

I should like to suggest that all of the 
reactance coefficients and time constants 
be defined as the unsaturated values, and 
that this be the value to be understood 
unless the saturation is otherwise specified. 
My reasons for making this recommenda- 
tion are: 

1. The synchronous machine theories from which 
these reactance coefficients are derived are based 
upon the assumption that the magnetic circuit 
is mathematically linear. This assumption is 
usually most nearly correct at low flux densities. 
Therefore, if the reactances are all defined as the 


unsaturated values, the definitions will have a 
reasonably correct theoretical basis. 
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2. The definitions should be consistent. If some 
of the reactances are Gefined as the unsaturated 
values, while others are defined as the saturated 
values, it is necessary to remember in which manner 
each of a rather large number of reactances and time 
constants is defined with respect to saturation. 


8. It is easier to measure the unsaturated values. 
Kilgore suggests that the unsaturated values can 
be measured and the saturated values obtained 
from them by the use of empirical saturation 
factors. This reduces the accuracy of the saturated 
values so obtained to about the accuracy of these 
saturation factors. This seems scarcely accurate 
enough to be standardized in a definition. It is 
desirable that the value of each reactance given 
in the standard definitions should be directly and 
easily measurable. 


Kilgore raises the practical point that 
the reactances and time constants which 
he suggests be defined as the saturated 
values are most commonly used in calculat- 
ing short-circuit currents at full voltage, 
and that considerable error may be intro- 
duced in these calculations if the unsatu- 
rated values are used. This practical ob- 
jection to the use of the unsaturated values 
in standard definitions can readily be 
overcome by supplying those who make 
short-circuit calculations with the saturated 
values, definitely stating that the values 
given are the saturated values. The use 
of the unsaturated values in standard 
definitions does not mean that these values 
should be used in full voltage calculations. 
Perhaps a brief statement to this effect 
should be included in the definitions, to- 
gether with a convenient table of approxi- 
mate saturation factors, such as table III 
of the paper. 

Whenever there is any ambiguity as to 
the exact meaning of the “unsaturated” 
value, I recommend that it be understood 
as the value obtained at rated armature 
current.” 


S. B. Crary (General Electric Co., Schenec- 
tady, N. Y.): This paper is a valuable 
contribution to the literature of saturation 
and its effect on synchronous machine 
reactances in that it summarizes extensive 
test data and at the same time presents an 
approximate method of calculating the 
saturation factor for transient reactance. 

In calculating the effect of saturation 
in a salient-pole machine, the author has 
obtained his result by calculating 2 satura- 
tion factors k,,, and k,, which are determined 
independently, the net factor is then &,,, 
times k,;. Further, he has assumed that 
k, which is used in the calculation of Rym 
does not change during the transient. 
Actually k, changes as the distribution of 
flux changes. These assumptions are not 
necessary in order to obtain a compara- 
tively simple expression for x4’ (saturated), 
as may be shown as follows. Consider 
the case of a salient-pole synchronous 
machine with laminated magnetic paths 
and which for the sake of simplicity in 
this discussion has no stator saturation. 
Then the saturation characteristics are 
defined by the 2 sets of curves in figure 1 
of this discussion. The following nomen- 
clature is used: 


rotor saturation mmf 
BO 
air gap mmf 


gap flux rotor saturation factor 


ks = field leakage flux saturation factor 
tga = direct axis armature current 

tfq =. field current 
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Yod = direct axis air gap flux or flux 
mutual with field and armature 

Vfld = field leakage flux 

Vffd = Wad + ¥fla = total field flux 

xj = armature leakage reactance 

Xafd = mutual reactance between field and 
armature 

xfld = field leakage reactance 

Then 


a PLL SAIN Bg WE ROE a7 
Vffd | Set + | Kae 


x, P Xafd A 
vod = Xafd igi | of a «| id (2) 
ke Re 


Initially, since 7g = 0, 


Xafd Xfld ; 
yo = | 2 + | aac (3) 
Roo R30 
Xafd . 
Vado = owe tfdo (4) 
ko 


At the end of the first half cycle since 


— Wado = Wad (5) 
and 
Yffdo = Vffd (6) 
BID sp COMES | NCR  Badtk IIe 
[ Roo v3 R39 | hg 7 | Ro u ks | v4 . 
Xafd Xafd 
SF RE a 7 
m os tfdo (7) 
Xafd “af . 
ri | ; + «| ta (8) 


Solving for 7g, 


Xafd | Xafd Xfld 
sr lee ete ole 
cle el 


Xafd| Xafd To Xfld 
: ke Ra Rso ; 
a t 
q (2 “ «| afd , xpi) _ xapd? 
ke Re ks he” 
(9) 
Similarly 7 may be calculated. Therefore, 


from equation 9, 
Xd (saturated)’ = 2 
emg) ee ca eer 
ik he x 
When no saturation exists, k; = k; = 1.0, 


and equation 10 reduces to the well-known 
relation for transient reactance | 


Xafd? 
srs aL hl wetarOenR 
Xad + Xfld 
The initial saturation coefficients ky 


and kg are known and the coefficients 
ke and ks can be obtained from figure 1 and 
equations 1 and 2 for estimated values of 
tq and 7g. The above expression is more 
general than that obtained by Kilgore in 
that it takes into account the change in 


the flux distribution from the initial condi- 
tion to that at the end of the first half cycle. 

In determining the saturation factors 
for the case of transient stability we would 
be interested in knowing in more detail 
what assumption Kilgore has made. We 
have made an analysis of the effect of 
saturation on the performance of synchron- 


ko kg 
ltd Ltd 
Yad Yd 
Fig. 1. Saturation characteristics assumed for 


salient pole machine 


See text for explanation 


ous machines for small oscillations. In 
this analysis the rate of change of saturation 
with respect to the flux, 0k/dyw, constitutes 
an important factor which cannot be 
neglected. It is apparent, therefore, that 
for any study which involves any oscillation 
such as that obtained in stability that the 
correction for the reactance cannot be ar- 
rived at as simply as in the case of cal- 
culating the peak of the first half cycle of 
armature short-circuit current. The equiva- 
lent transient reactance obtained from 
this analysis of small angular oscillations 
for the case of a machine having laminated 
magnetic paths, no stator saturation, and 
no saturation affected by quadrature axis 
flux, is 


Xafd(eq) Xfad(eq) 


x’d(eq) = Xd(eq) — (11) 
Xffd(eq) 
where 
Xffd(eq) = Xfad(eq) + Xfld(eq) (12) 
Xafd 
Xd(eq) = x1 + a (13) 
albve te) 
Re OWad 
Xafd 
Xafd(eq) = AEN (14) 
k 1 a Wad Oke 
: vad 
Re OWad 
Ok, 
Xafd — Wad yy 
Xfad(eq) = 15 
Oe wl 1 4 Yd Oh (18) 
, vad 
kz OWad 
Ok; 
COAL —— UG) 
Otfd 
Lf ld (eq) p= aa ae ET 16 
eq ica via Oks (16) 
ks OWfid 


Equation 12 corresponds to equation 9 
of reference 2 for the same conditions, i. e., 
no stator saturation or rotor saturation 
affected by quadrature axis flux. 


S. H. Mortensen (Allis-Chalmers Mfg. Co., 
Milwaukee, Wis.): This very able paper 
shows that a number of the reactances and 
time constants used in the method of 
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symmetrical components and analysis of 
transients are not constants, but due to 
saturations in various leakage paths, change 
with the current values involved. This 
- means that each current value has a corre- 
sponding reactance, and to prevent compli- 
cations the author suggests that only one 
value of the respective constants be stand- 
ardized which, unless otherwise specified, 
he proposes should be the saturated value. 
This suggestion would have merit if the 
current values involved always would 
correspond to one operating condition, 
such as a short circuit at machine terminals, 
etc. As this is not the case where line 
constants enter into the picture, it would 
seem preferable to both operators and 
designers to base guaranteed reactance 
constants upon a current value that can 
readily be obtained and checked by test, 
such as would be the case if reactances 
corresponding to rated current were stand- 
ardized upon. Corrections corresponding 
to other current values could theri be made 
with sufficient accuracy with the aid of 
characteristic saturation factor curves simi- 
lar to those shown in this paper. For 
that reason it would seem justifiable to 
recommend that the one value of reactance 
and time constant corresponding to the 
rated machine current be standardized. 


E. H. Freiburghouse and C. E. Kilbourne 
(both of General Electric Co., Schenectady, 
N. Y.): The author has presented a very 
interesting paper summarizing tests on 
the effects of saturation on synchronous 
machine reactances and also has given a 
useful approximate method of obtaining 
a saturation factor for the transient re- 
actance. As a result of this study a sug- 
gestion is advanced that one value of certain 
so-called constants is sufficient to define 
the machine behavior and that that value 
is the saturated value, this meaning the 
value obtained from a sudden short-circuit 
from full voltage. This is an excellent 
and simple treatment of the problem and 
will undoubtedly give the industry more 
accurate values of these constants than an 
indiscriminate use of the unsaturated values 
would give. However, these are instances 
when the industry could be served to further 
advantage with some additional informa- 
tion and other cases where the limiting 
values of these constants are not the mini- 
mums as given by the saturated values 
but the maximums as given by the un- 
saturated values. 

A survey of approximately 20 constants, 
including reactances and time constants 
which can be affected by saturation, indi- 
cates that for salient pole machines only 
2 frequently used constants, the transient 
reactance xq’ and its associated quantity 
Ta’ show significant changes with satura- 
tion in the operating ranges where they 
are used in calculations. On wound rotor 
machines saturation has a much more 
important effect. Here the transient re- 
actance xq’, the subtransients xa” and xq’, 
the negative sequence x2, the zero sequence 
x, and all their associated time constants 
change with saturation. On double wind- 
ing generators the through reactance 1s 
also affected, and on a few machines the 
stator leakage reactance «1 has appreciable 
variations. However, there are reactances 
xd, Xq,etc., which are essentially unsaturated. 
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In each case where saturation plays an 
important part it is dependent upon the 
value of armature current existing under 
the conditions being calculated. Conse- 
quently, any one value of a constant that 
saturates is truly accurate only under the 
particular conditions existing when it was 
obtained. This can easily be seen by an 
inspection of the curves presented in the 
paper. Therefore, the giving of a single 
saturated value for these quantities will 
have their use subject to interpretation for 
any except the one condition. 

Also, the defining of some constants as 
saturated for all synchronous machines, 
both salient pole and round rotor, and 
others as not saturated may produce con- 
fusion. Particularly is this true when some 
of those defined as saturated for one type 
of machine are unsaturated for the other. 
Instead of simplifying the existing method 
as applying to the entire synchronous 
machine field and producing more accurate 
results of calculations with less experience 
required to handle the quantities cor- 
rectly, this procedure might have the op- 
posite result. 

The advantages, which Kilgore has 
pointed out, in giving saturated values of 
these constants can be combined with the 
present general practice so as to further the 
needs of the industry without omitting some 
information which can be made available. 
This can be done if the basis of giving this 
information remains in nearly its present 
form, that is, that all constants be given 
as “normal values,’ that value being 
defined as the value existing when normal 
3-phase armature current flows under the 
conditions dominated by the quantity. 
In addition to these normal values, a 
“saturation factor’? could be given for the 
particular constants on any machine which 
needs these values to permit their accurate 
use. 

In order to standardize on practice, the 
saturation factor generally given can be 
defined as the ratio existing between the 
value of the particular constant obtained 
from a sudden shert circuit from full 
voltage and ihe normal value. As an 
equaiion for the transient reactance this 
is 

xa’ saturated 
xa’ unsaturated 


f= 


where 
f is the ‘“nezmal saturation factor’ 


xa’ saturated is the transient reactance 
obtained from a short circuit from full 
voltage 


xq’ unsaturated is the transient reactance 
obtained from a short circuit where 
normal armature current existed 


Further, certain constants can be speci- 
fied as having saturation factors appreciably 
different than unity. These are so shown 
in table III of the paper. In addition, 
average values of these normal saturation 
factors can be published and if felt de- 
sirable can be standardized. Also the 
methods of obtaining such factors can be 
standardized. Because of the fact that 
full voltage. short-circuit tests are very 
expensive to make on test set-ups for large 
machines it is desirable that these factors 
be obtained as outlined by Kilgore. 


If this should be done the basic method 
now in use in specifying these constants 
would not be greatly changed and hence 
little confusion would result. Also the 
magnitude of these “saturation factors’ 
will definitely point out which constants 
on a particular machine are subject to 
saturation without affecting the same 
constants on other machines and, further, 
the use of ‘‘ratios’’ to point out these affects 
indicates the degree of saturation which a 
single value cannot. This is quite de- 
sirable information when interpretations 
from one condition to another are to be 
made. 


L. A. Kilgore: The chief purpose of this 
paper was the presentation of data on the 
effects of saturation on the various machine 
reactances. The choice of which value 
should be used as a reference is somewhat 
arbitrary, but it is important that some 
agreement be reached on the value to be 
understood for each constant when the 
degree of saturation is not specified. 

In their discussions, Mortenson, Kings- 
ley, Kilbourne and Freiburghouse state 
their preference for rated current values 
rather than saturated values as recom- 
mended in the paper. There are good 
reasons for both methods of dealing with 
the problem. JI do not believe that 
Kilbourne and Freiburghouse meant to 
imply, as it would seem from the fifth 
paragraph of their discussion, that the 
present practice is to give all reactance 
values on a rated current basis. It has 
been our practice to give saturated values, 
except for synchronous reactance, unless 
the unsaturated value was specified. Pre- 
vious to the time when locked tests were 
first seriously considered for measuring 
reactances (about 5 years ago), reactances 
were generally measured by short circuits 
and the values used generally were satu- 
rated values. The new standard decre- 
ment curves were worked up on the basis 
of typical relations between saturated 
values. 

The chief objection to having the rated 
current values as the reference is that if 
no correction is used, serious errors may 
result in certain cases. The worst case 
is for a 2 pole turbogenerator where the 
use of rated current values of subtransient 
reactance will give a short-circuit current 
28 per cent low for a short circuit at the 
terminals. Kingsley suggests that this 
objection can be readily overcome by 
giving saturated as well as rated current 
values where there is appreciable difference. 
Kilbourne and Freiburghouse suggest a 
saturation factor which would be the ratio 
of saturated to the rated current value. 
Both of these suggestions are yood in that 
they would give more information; never- 
theless, they will undoubtedly lead to some 
complication and confusion. However, it 
would seem that some such method would 
be most satisfactory to the majority of 
those who have so far expressed an opinion. 

S. B. Crary asks concerning the assump- 
tions made in calculating the saturation of 
the transient reactance for use in stability 
calculations. The methods given in the 
appendix and the curves of figure 7 are 
sufficiently general to calculate the satu- 
rated value for each point in the transient 
swing. The typical curves of figure 2 
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were intended to be used with the maximum 
value of current which occurs as pull-out 
is approached. 

Crary’s discussion gives another method 
of calculating a saturated transient re- 
actance for each instant. He also presents 
a new concept of an ‘‘equivalent transient 
reactance.” It would be interesting if 
he can publish some quantitative data on 
such a constant and compare it with the 
“saturated value’ as used in the paper. It 
would not seem reasonable to expect so 
large a difference between ‘‘saturated”’ 
and “equivalent transient reactances’’ as 
between ‘“‘saturated’’ and ‘“‘equivalent”’ 
synchronous reactances described in ref- 
erences 1 and 2 of the paper. 


Armature Leakage Reactance 
of Synchronous Machines 


Discussion and authors’ closure of a paper 
by L. A. March and S. B. Crary published in 
the April 1935 issue, pages 378-81, and 
presented for oral discussion at the electrical 
machinery session of the summer convention, 


Ithaca, N. Y., June 27, 1935. 


P. L. Alger (General Electric Co., Schenec- 
tady, N. Y.): It is desirable to keep clearly 
in mind the object of continuing this rather 
involved discussion of various kinds of 
reactance. 

Originally, there was thought to be just 
one important reactance of a synchronous 
machine, the reactance which, in conjunc- 
tion with the armature reaction, deter- 
mined the voltage regulation. Potier gave 
a useful method for finding this reactance 
from test data, and so it has been called 
after his name. Then, it was found that 
this reactance did not check the reactance 
required to determine the momentary short 
circuit current, so that this latter, or 
“transient”? reactance, was separately con- 
sidered. It was thought that the transient 
reactance was equal to the Potier reactance 
plus an element due to the field. Next, it 
was learned that the difference between the 
transient reactance and the field reactance 
is normally much smaller than the Potier 
reactance. Thus, the true armature leak- 
age reactance which, added to the field 
reactance, accounts for the transient re- 
actance, came to be more accurately cal- 
culated and generally used as distinct from 
the Potier reactance. The Potier reactance 
was then recognized to be larger than the 
leakage reactance, because of the drop in 
voltage under load, due to the increased 
saturation of the pole body resulting from 
increased field leakage. For correct cal- 
culation of voltage regulation by the Potier 
diagram, it was necessary to use a ficti- 
tiously high value of leakage reactance. 

The authors of this paper have now shown 
that this increment of leakage reactance 
due to pole saturation, which is a part of 
the Potier reactance, varies markedly with 
machine saturation, thus fairly completing 
our understanding of the nature of all of 
these machine reactances. 

It is evident that the actual value of 
Potier reactance is only useful for problems 
of calculating regulation, and so is not 
pertinent to ordinary machine performance 
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guarantees. The importance of the paper 
lies in the improved understanding it gives 
of the actual flux densities existing through- 
out the magnetic circuit, thus enabling de- 
signers to more intelligently proportion 
the parts of a machine to utilize the ma- 
terials effectively. 


C. C. Shutt (Westinghouse Elec. and Mfg. 
Co., East Pittsburgh, Pa.): This paper 
presents some interesting data on the 
variation of Potier’s reactance. However, 
a review of a considerable amount of test 
data does not seem to justify the conclusion 
that Potier’s reactance as tested at any 


Fig. 1. Variation of 
Potier’s reactance 
with armature current 
at various voltages 
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practical value of pole saturation may be 
used as a reliable measure of the armature 
leakage reactance. 

One type of data not presented in the 
paper is the variation of Potier’s reactance 
with armature current for constant values 
of voltage. A set of test curves was taken 
on a standard commercial motor rated 
200 horsepower at 450 rpm. This machine 
had about 75 per cent of its saturation in 
the pole at open circuit rated voltage. 

Figure 1 of this discussion shows the 
results of these tests, which covered a 
fairly wide range of current and voltage. 
Two noticeable points shown by the tests 
on this machine are: 

1. Over the range tested the variation in Potier 
reactance is only 22 per cent. 


2. The Potier reactance, at the lowest value tested, 
is 240 per cent of the calculated armature leakage 
reactance. 


The same data can be plotted as reactance 
against voltage for constant armature 
eurrent. 

As stated in the paper, it is desirable to 
have some means of testing for the arma- 
ture leakage reactance. Both Alger and 
Kilgore have pointed out that the value 
which they calculate is based on arbitrarily 
classifying a certain portion of the total 
flux in the machine as armature leakage 
reactance. The most practical means of 
checking this value appears to be that used 
by Alger of measuring the direct axis 
synchronous reactance and _ subtracting 
the properly calculated reactance of arma- 
ture reaction. This is not a direct test and 
involves subtraction of a number from 
another, which is not much larger, to obtain 
a relatively small number for the answer. 
But the average absolute variation as given 
in Alger’s paper between calculated and 
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test results for 100 machines is only 0.6 
per cent. 

Table I of the present paper gives data 
on 5 machines. Here the average absolute 
variation by the high field current method 
is 28 per cent while by subtracting Xaq 
from the tested value of Xq gives an average 
variation of only 3 per cent. 

Another interesting feature brought out 
by a study of the curves is that for a 
constant voltage back of Potier reactance; 
the value of this reactance is practically 
constant for a variation in the armature 
current. The variation in the reactance 
under these conditions is shown by the 
dashed line K in figure 1 of this discussion. 


100 120 140 


This curve is derived as follows: Calculate 
the voltage back of Potier reactance for 
any point. Using the point of 100 per cent 
current and 91 per cent terminal voltage, 
it is found that the voltage back of Potier 
reactance is 124 per cent. Consider this 
voltage constant and calculate the terminal 
voltage for different values of armature 
current. With a couple of trials the cal- 
culated value of terminal voltage can be 
made to check with the value of Potier 
reactance as shown on the curve for that 
value of voltage and armature current. 


T. A. Rogers (University of California, 
Berkeley): Between 1895 and 1905 there 
were many papers on the subject of alter- 
nator regulation discussing the theoretical 
aspects of the problem and suggesting some 
methods for experimentally determining 
the factors to be used in computing the 
voltage drop under load. Practically all 
of the methods considered the leakage 
reactance of the armature windings in 
some form or other. Of the many methods 
proposed (“The Regulation of Alterna- 
tors,’’ D. B. Rushmore, Intl. Elec. Congress 
Trans., St. Louis, 1904, v. 1, p. 729) that 
of Potier probably has received the most 
attention until recent years. 

In 1900 Potier pointed out that if one 
shifted the no load saturation curve down- 
ward and to the right by given amounts, 
it would approximate very closely the 
zero power factor curve for overexcitation. 
That is, the no load saturation curve and 
the zero power factor curves are prac- 
tically parallel to each other. These latter 
curves may be drawn for any current, just 
so long as that current is constant. In 
addition, by shifting the no load saturation 
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curve upward and to the left, Potier indi- 
cated that it would successively coincide 
with the underexcited zero power factor 
curves. The horizontal shift, he states, 
is due to the effects of armature reaction, 
the vertical shift to dispersion (leakage). 

Two coefficients are suggested in the de- 
termination of the excitation of a machine. 
One of them, \, has the dimensions of 
reactance, and is used in conjunction with 
the armature current to determine the 
voltage drop due to the leakage fluxes. 
The other, a, has the dimensions of turns 
(zero dimensions), and, when multiplied 
by the phase current, gives the magnitude 
of the demagnetizing armature ampere 
turns referred to the rotor field. 

Potier proposed his theories only as an 
attempt to determine the excitation of a 
loaded alternator, and not to introduce a 
method of determining armature leakage 
reactance. He made no mention of arma- 
ture or pole leakage fluxes, or of leakage 
reactances, as such. He merely pointed 
out that magnetic leakage in the machine 
influenced the vertical displacement of the 
no load saturation curves, and that the 
magnitude of the shift is affected by satura- 
tion in the poles. He states further that 
the length of the air gap, and the depth and 
enclosure of the slots, modify the leakage 
flux, and hence the vertical displacement. 
Although one might assume from his dis- 
cussion that armature leakage flux was 
implied in the treatment, his writings fail 
to disclose specific reference to that quan- 
tity or to armature leakage reactance. 

Many writers have interpreted Potier’s 
theory as a means of determining armature 
leakage reactance in addition to its vaJue 
in calculating excitation. In spite of the 
* fact that Rothert pointed out in 1902 that 
the Potier reactance coefficient was not 
true armature leakage reactance but con- 
tained, in addition, the components of pole 
leakage occurring under load, many authors 
of textbooks continue to cite Potier’s 
triangle as the only method which will give 
the true armature leakage reactance. 

It is quite evident, as pointed out by the 
authors and conclusively indicated by their 
test results, that the substitution of the 
Potier reactance for the armature leakage 
reactance of a machine introduces large 
errors in the performance calculations. As 
discussed in an earlier paper by Crary, 
March, and Shildneck, the value of the 
air gap voltage is directly dependent upon 
the correct values of armature resistance 
and armature leakage reactance, and it is 
this voltage that serves as a measure of the 
amount of saturation occurring within the 
machine. An error of 75 or 100 per cent 
in the value of leakage reactance used may 
introduce an error of 200 per cent or more 
in the calculated value of field amperes 
necessary to overcome the effect of satura- 
tion within the machine. 

Furthermore, leakage reactance, because 
of the calculation of additional field ampere 
turns required for the saturated machine, 
affects the torque angle. The angle always 
is decreased because of saturation. How- 
ever, depending upon the power factor, 
replacing armature leakage reactance by 
Potier reactance may decrease the ap- 
parent air gap flux, decrease the apparent 
saturation, and consequently increase the 
torque angle. Both excitation and angle 
thus are influenced appreciably by the 
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value for amature leakage reactance. 

This paper provides not only a procedure 
for experimentally approaching armature 
leakage reactance but also a rather com- 
plete physical picture of the component 
parts of that fictitious quantity termed 
Potier reactance. These results should 
assist even those who are most reluctant 
in discarding Potier reactance in machine 
theory and substituting armature leakage 
reactance which is not only susceptible to 
an exact definition but also may be cal- 
culated. 


B. L. Robertson (University of California, 
Berkeley): The first point of major signifi- 
cance in the paper is that the so-called 
Potier reactance is not armature leakage 
reactance but is something quite different. 
This fact has long been known, but Potier 
reactance still is very commonly employed 
in textbooks as true armature leakage 
reactance, in some instances without the 
apparent knowledge that these 2 reactances 
are not the same thing. Potier reactance 
may include armature leakage reactance 
as a component, and, as shown by the pro- 
cedure introduced by the authors, may 
approach the latter as a limiting value. 
Nevertheless, Potier reactance as usually 
found is far too great in magnitude to be 
substituted fer armature leakage reactance 
with any accuracy. 

The continued use of Potier reactance as 
the substitute for armature leakage re- 
actance is based upon the fact that whereas 
armature leakage reactance is calculable 
but difficult of test, Potier reactance is 
not calculable but is comparatively easy 
to test. Potier reactance, however, does 
not possess the nice physical significance 
which lies behind armature leakage re- 
actance, and it is for this reason that Potier 
reactance is defined only by stating its 
method of being found, rather than by 
picturing it also in terms of physical con- 
cepts. 

Usual statements are to the effect that 
in determining Potier reactance one should 
work at some point above the knee of the 
saturation curve. Rated voltage is most 
often taken as that point, although for no 
quite definite reason. As shown very 
clearly by the authors, it obviously makes 
a considerable difference just where the 
Potier triangle is located. 

In the determination of the leakage 
reactance triangle, the authors do not state 
explicitly the manner by which they obtain 
the zero power factor curves, although one 
should infer that actual runs with circulat- 
ing currents were taken. Treatments on 
locating such curves make use of several 
methods, some of which are for construc- 
tions using only one, or perhaps 2, test or 
calculated points. Because the saturation 
curve may not be shifted parallel to itself 
to give the zero power factor curve, and 
because the proposals for obtaining this 
latter curve do not all agree with each 
other, it might be well for the authors to 
indicate definitely their method. 

In determining the load _ saturation 
curves the authors rely upon the assump- 
tion that armature leakage reactance is 
not affected by saturation, and further 
imply (there is no attending statement to 
this) that the direct synchronous reactance 
is unsaturated. Working out on the curves 


at such high degrees of saturation as are 
shown it is hard to believe that these quan- 
tities are not so affected, in which case 
the leakage reactance triangles will be 
altered progressively, ultimately to change 
the Potier reactance curves. In this 
respect, assumption 3 and conclusion 4 
appear to require further discussion. The 
conclusion seems to be more a restatement 
of the assumption than a conclusion. 

Since the authors rely upon the approach 
of Potier reactance to the calculated arma- 
ture reactance (this, of course, to show the 
value of their treatment), it would seem 
that the second conclusion should contain 
also a recommendaticn that with data 
available the calculated armature reactance 
be used. Certainly, calculation is quicker 
and more convenient than test. 

I think it is of considerable value to 
have this method which the authors give 
for approaching armature leakage reactance 
by test. The only difficulties I see in its 
use lie in excitation problems and field 
heating when one is attempting to obtain 
very high saturation, particularly with a 
machine which does not saturate easily. 


L. A. Kilgore (Westinghouse Elec. and Mfg. 
Co., E. Pittsburgh, Pa.): This paper pre- 
sents some interesting data on Potier’s 
reactance. The conclusion is reached that 
Potier’s reactance varies so widely as to be 
of limited use and also that the Potier’s 
reactance approaches the leakage reactance 
at high values of voltage. 

Although it is true that the Potier’s 
reactance does vary, it is still a very useful 
quantity. It forms the basis of the A.I.- 
E.E. method of calculating the zero power 
factor saturation curves from the no load 
curve and one or more zero power factor 
test points. 

For accurate calculations it is possible 
for the designer to determine the stator 
and rotor saturation separately at the 
actual operating conditions. Even here 
some approximation is necessary since it 
is seldom possible to determine the complete 
flux distribution in the teeth. The stator 
saturation under load may be determined 
approximately as at no load for a voltage 
equal to terminal voltage plus half the 
stator leakage. The rotor saturation is 
determined by the actual flux in the pole’ 
which is the sum of the gap flux on the 
direct axis and the field leakage. The 
ampere turns effective in producing field 
leakage are determined by adding vec- 
torially the armature demagnetizing and 
the sum of the gap and-stator saturation 
ampere turns. 

For others who use machine character- 
istics and for rapid design calculations, 
the Potier’s reactance is very useful since 
it gives a method of estimating the total 
saturation under load from the no load 
saturation curve. 

The Potier’s reactance is not entirely 
empirical since the voltage back of Potier’s 
reactance may be visualized as a flux some- 
where between the flux in the stator and 
the flux in the rotor, which gives an ap- 
proximate measure of the total saturation. 
If all the saturation is in the stator x, is 
approximately 1/.x,; if it is all in the rotor 
Xp = x + xf, where x, = stator leakage 
and xq = rotor leakage reactances. When 
the saturation at no load in the stator is 
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F, and in the rotor F,, the Potier’s re- 
actance may be approximated as x,» = 


F, 
Vax, + (1/201 + xy) (=). 


The Potier reactance decreases at higher 
voltages because of saturation of the 
leakage paths and in some machines it 
increases considerably below rated voltage 
because the ratio of rotor to stator satura- 
tion is increasing. This last effect is 
especially true of machines with gaps under 
the poles or partially filled dovetail slots. 
The authors have concluded that the Potier’s 
reactance approaches the leakage reactance 
for the reason that field leakage due to 
the armature demagnetizing approaches 
zero. Actually this component of the 
field leakage is reduced by the saturation 
of the pole tip but it does not approach 
zero. The stator leakage is also reduced 
appreciably by saturation at high densities. 
Thus it would seem that although the 
Potier’s reactance may be as low as the 
stator leakage and even lower in some 
cases, it cannot be said theoretically to 
approach the leakage reactance. The data 
which the authors give does not show any 
accurate agreement between the minimum 
values of x, and the unsaturated value of 
x,;, and the data which the writer was able 
to collect gave even less consistent results. 
Therefore, it does not seem practical to 
use this as any test for the leakage re- 
actance. 

The test curves on 380 machines of all 
types were studies to determine the varia- 
tions in Potier’s reactance. ‘These results 
might be summarized by saying that the 
ratio of the reactance at 90 per cent voltage 
to that at 110 per cent voltage ranged 
from 1.05 to 1.2 for salient pole machines 
with relatively large gaps under the pole 
and for salient pole machines with little 
or no gap under the pole, the ratio ranged 
from 1.0 to 1.15. For turbine generators 
the variation was, in general, much less 
and in several cases the Potier’s reactance 
decreased at lower voltages. 


Charles Kingsley, Jr. (Massachusetts In- 
stitute of Technology, Cambridge): This 
paper shows that the Potier reactance 
measured at high saturation is probably 
approximately equal to the armature leak- 
age reactance; that is, at high values of 
saturation, the Potier reactance approaches 
the value of leakage reactance calculated 
by certain design formulas. Unfortunately, 
there are at present no entirely satisfactory 
tests by which the accuracy of these design 
formulas can be established. 

The Potier method assumes that the 
zero power factor characteristic at any 
given constant value of armature current 
is a curve equal to the open circuit char- 
acteristic shifted vertically by a. voltage 
drop and horizontally by a magnetomotive 
force, each of which is proportional to the 
armature current and is independent of 
saturation. As is shown in the paper, this 
is not strictly correct, largely due to the 
effects of field leakage. 

In references 3 and 4 the armature 
leakage reactance drop is defined as the 
voltage drop due to certain component 
fluxes which include all of the component 
fluxes producing fundamental reactive, 
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armature voltage and which probably are 
affected only slightly by saturation. Hence, 
if the Potier reactance were constant, it 
should be approximately equal to the 
armature leakage reactance as defined in 
references 3 and 4, since it too would be 
that part of the total reactive effect of 
armature current which would be inde- 
pendent of saturation. It is shown in the 
paper that at high values of saturation, 
although the field leakage may be large, 
its effect on the Potier reactance becomes 
small and the Potier reactance approaches 
a constant value. It therefore seems 
reasonable to conclude that the highly 
saturated value of Potier reactance is 
approximately equal to the leakage re- 
actance. This is probably the best test 
for leakage reactance which is at present 
known. 


L. A. March and S. B. Crary: C. C. Shutt 
has shown, for a given set of test data, the 
variation of Potier reactance with change 
in armature current, with voltage as a 
parameter. We would judge from his 
results that the test data were not for high 
degrees of saturation. In this respect, it 
is unfortunate that he did not present the 
saturation curves from which the data were 
obtained, so that this question could be 
answered and his test results compared 
with that presented in the paper. 

L. A. Kilgore states ‘“The authors have 
concluded that the Potier’s reactance ap- 
proaches the leakage reactance for the 
reason that field leakage due to the arma- 
ture demagnetizing approaches zero. Ac- 
tually this component of the field leakage 
is reduced by the saturation of the pole 
tip but it does not approach zero.” It is 
important in discussing this point to make 
a definite distinction between saturation 
magnetomotive force and flux. We have 
attempted to show that the additional field 
leakage flux at high values of saturation 
caused by the addition of a field magneto- 
motive force equal to Xggtg, becomes in- 
creasingly less in magnitude, as well as a 
smaller proportion of the total. It is 
true that there is a large amount of total 
field leakage flux producing saturation 
under these conditions. However, the 
additional increment of field leakage flux 
caused by the magnetomotive force xg iq 
becomes less, and is small although the 
saturation produced by this increment of 
flux may be large. This is shown by the 
small vertical and the large horizontal 
displacements respectively of the curves 
a and c of figures 1 and 2. 

We cannot agree with Kilgore that under 
load the stator tooth saturation is pro- 
portional to a voltage equal to the terminal 
voltage plus half the stator leakage. We 
have been able to calculate, with good 
accuracy, zero power factor characteristics 
assuming the stator saturation to be pro- 
portional to the voltage back of leakage 
reactance. Accordingly, for a machine 
with all the saturation in the stator, we 
consider that x, = x, For any other 
condition x,» = x + a4 factor which is a 
function of the load saturation (neglecting 
possible changes in wave form, which may 
affect the final required magnetomotive 
force). 

B. L. Robertson has asked as to the 
method used in obtaining the test data. 


The zero power factor characteristics were 
obtained by operating the machines as 
overexcited synchronous condensers and 
obtaining enough points to draw a curve. 
Additional machines were used to supply 
the losses, and to provide zero power factor 
lagging kilovolt-amperes. The open circuit 
characteristics were obtained in the regular 
manner. Machines actually were tested 
using values of excitation as high as 10 
per unit (1,000 per cent of normal). The 
rotors were watched carefully for heating, 
and the high values of excitation held only 
as long as necessary, with ample time 
allowed between tests. 

We have made attempts to calculate the 
decrease in leakage reactance due to tooth 
saturation. A sufficient portion of the 
leakage flux path is in air, so that even 
though the iron becomes highly saturated, 
the decrease in the total permeance will 
be but slight. In addition, the teeth are 
not saturated uniformly over the entire 
pole pitch. If an attempt is made to 
calculate the effect of saturation on slot 
leakage permeance, it will be found that at 
a density of 150,000 lines per square inch 
(over the middle 1/3 of the pole pitch) the 
decrease will be approximately 5 per cent. 
Asa result, it seems reasonable to conclude 
that in salient pole synchronous machines 
leakage reactance is sensibly independent 
of saturation for practical operating flux 
densities. 


Protective 
Signaling 


Discussion and author's closure of a paper by 
P. M. Farmer published in the June 1935 
issue, pages 617-23, and presented for oral 
discussion at the selected subjects session of 
the summer convention, Ithaca, N. Y., June 


27,1935. 


Wm. A. Del Mar (Habirshaw Cable and 
Wire Co., Yonkers, N. Y.): I should like 
to inquire whether any device: has been 
developed to protect libraries from theft of 
books. A few years ago I tried inserting a 
magnet in the back of a book and winding'a 
wire in several turns around a door frame in 
the hope that the magnet passing through 
would induce enough current in the wire to 
give a signal. The wire was plugged to the 
microphone socket of a radio set and sure 
enough, the loud speaker clicked whenever 
the magnet passed through the door. Un- 
fortunately, it did the same when a bunch of 
keys was passed through the door. It 
seemed impossible to distinguish reliably 
between a book thief and John Doe, Mem- 
ber A.I.E.E., with a bunch of keys in his 
pocket. However, I do not believe that the 
possibilities of such an arrangement were 
exhausted and I should like to hear whether 
the author knows of any success having been 
attained in the matter of devices for pro- 
tection against theft of library books. 


P.M. Farmer: Commercial burglary alarm 
service does not ordinarily include the type 
of protection that would be demanded by 
the service mentioned by W. A. Del Mar. 
His approach to the problem seems to be 
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a most logical one and it is possible that 
the detector circuit could be made to dis- 
tinguish between magnetized metal such 
as would be used in the book and nonmag- 
netized metal such as the keys and other ob- 
jects that might be carried in the pocket 
of the individual ‘under suspicion.” The 
detector would have to be quite sensitive, 
and speed of motion through the detector 
loop would be a factor of course. 


D-C Cleanup in 
Insulating Oils 


Discussion and authors’ closure of a paper 
by J. B. Whitehead and S. H. Shevki, pub- 
lished in the June 1935 issue, pages 603-9, 
and presented for oral discussion at the se- 
lected subjects session of the summer con- 
vention, Ithaca, N. Y., June 27, 1935. 


R. W. Atkinson (Gen. Cable Corp., Perth 
Amboy, N. J.): When we first began to 
be interested in the conductivity and 
dielectric loss of oils, and for a good many 
years after that, it was thought that these 
properties were inherent in the material 
itself. Thus, one type of oil would be con- 
sidered as having inherently high conduc- 
tivity and power factor and another type as 
having inherently low conductivity. 

As time went on, however, it began to be 
recognized that the conductivity of these 
oils is not due to the main body of the oil 
itself, but to a relatively smal! portion of it 
which is unlike the bulk of the oil. Because 
the unlike portion has characteristics which 
are different from those of the bulk of the 
oil, the term ‘“‘impurities’’ is applied to it, 
although it may differ chemically from the 
bulk of the oil only in some relatively minor 
respect, such as the addition of an atom of 
oxygen to the molecule or the absence of an 
atom of hydrogen from it. The essential 
point of difference that makes the impuri- 
ties conducting is the fact that they contain 
bonds that are free or easily freed whereas 
the bulk of the oil does not. 

In the early stages of oil purification it was 
considered fortunate that certain refining 
processes, such as filtration through fullers’ 
earth, reduced the conductivity of the oil. 
It is now recognized, of course, that the 
improvement is not in any way fortuitous, 
but is due merely to the fact that the 
impurities adhere to the filtering medium 
and that what makes them adhere is the 
same thing that makes them conducting in 
the first place. 

There has been steady progress in removal 
of the impurities from oils, to such a point 
that now there are any number of commer- 
cial oils, from different sources and made by 
widely different processes, which have ex- 
tremely low loss. Indeed, for present day 
cable of any but the lowest voltages, oils are 
used whose losses are too small to be 
measured with apparatus initially available. 

The oils discussed by the authors repre- 
sent increasing refinement and thoroughness 
of removal of impurities. The almost 
infinitesimal conductance remaining may no 
longer be due entirely to impurities in the 
same sense as before, but may be due in part 
to free ions present by reason of _tadio- 
activity or similar causes. Thus, this type 
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of conductivity is due essentially to the 
same reason as before, that is, to the pres- 
ence of a relatively small number of parti- 
cles different from the rest. 


E. W. Greenfield (Johns Hopkins Univ., 
Baltimore, Md.): In view of the evidence 
presented in this and other papers by Dr. 
J. B. Whitehead, on the existence of space 
charges within the dielectric medium and 
the consequent variation and distortion of 
the normal linear electric gradient from 
electrode to electrode, it is well to give some 
thought to the correlation of measurements 
on oil samples varying widely in interelec- 
trode spacing. 

The volumetric distribution of space 
charge as related to interelectrode separa- 
tion is apparently not a simple function of 
stress so that dielectric measurements of 
oils made on very thin samples may yield 
quite different results from those made on 
relatively larger samples. 

I bring this point up as a result of the 
increasing tendency for measurements to be 
made on exceedingly sma!! specimens of oil 
using quite thin sections between electrodes 
and then using the results of these measure- 
ments to interpret the behavior of insulating 
liquids in normal bulk. This is the more 
important due to the fact that the study of 
chemically pure insulating liquids of known 
relatively simple structure must be carried 
out at present with very small samples for 
the most part because larger quantities are 
unavailable. 

What I believe is needed in this respect, 
are studies of insulating liquids along the 
lines presented by Doctor Whitehead where 
the measurements are carried over a wide 
range of electrode separation but at each 
spacing the stress maintained or varied by 
change of applied voitage only. Such stud- 
ies should throw more light on the volu- 
metric distribution of the space charge and 
its behavior as a function of stress. 


Wm. A. Del Mar (Habirshaw Wire and 
Cable Co., Yonkers, N. Y.): A few years 
ago we made an experiment along the lines 
described in this paper but using oil-impreg- 
nated paper instead of oil, as in the authors’ 
experiments. The idea was to deionize an 
impregnated paper cable by subjecting it to 
direct potential for a considerable period. 
Oil contains ions of both polarities, but 
tests had shown that the ions of molecular 
dimensions are mostly positive. 

It was therefore decided to try to “wash 
out’’ the positive ions by repelling them from 
the conductor ofacable. Six !/2inch copper 
rods were each covered with 5 layers of 
butted 5-mil wood pulp paper and impreg- 
nated with paraffin base oil containing 15 
per cent rosin and covered with shielding 
tape. They were kept immersed in this oil, 
maintained at a temperature of about 120 
degrees centigrade and treated as follows: 

Samples A, B, C, and D were connected to 
d-c supply, the conductors being positive 
and the shields negative. 

Samples E and F were not connected but 
were immersed in the same oil. 

The initial voltage was 220 volts, as pre- 
liminary tests had indicated that ‘“‘cleanup”’ 
of oil occurred at quite low voltages, but 
after 30 days, no change of power factor 
having occurred, the voltage was raised to 


2,000 volts, which was maintained for 75 
hours. 

The power factor of all samples remained 
substantially unchanged throughout the 
test. In other words, no deionization 
occurred which affected the power factor of 
the insulation. 

The samples were then subjected to a-c 
voltage-time tests, at average stresses, 
starting with 364 volts per mil and working 
toward 500 volts per mil. 

In general the untreated dummies, E and 
F, gave slightly better lives than the sup- 
posedly deionized samples. 

I am interested to know if the authors can 
explain the failure of this experiment to 
improve the insulation. 


Oscar Hess (Simplex Wire and Cable Co., 
Boston, Mass.): The authors stated in 
their paper that the application of a d-c 
potential across the oil cell decreases the 
conductivity of the oil. J should like to ask 
Doctor Whitehead whether it is possible to 
make this improvement permanent by 
removing the oil containing the space 
charges which accumulated during the 
cleanup near the electrodes. 


H. H. Race (General Elec. Co., Schenectady, 
N. Y.): There are 2 comments which I 
should like to make regarding this paper. 
The first is concerned with practical impli- 
cations. At the 1931 A.I.E.E. winter 
convention we presented a paper on insu- 
lating oils (see ‘“Some Electrical Character- 
istics of Cable Oils,’’ abstract, ELEc. ENGG., 
Aug. 1931, p. 673) in which we concluded 
from variable frequency, variable tempera- 
ture dielectric loss measurements that in 
commercial insulating oils at power fre- 
quencies and normal operating tempera- 
tures the major cause of dielectric loss is 
some form of ionic conduction. Doctor 
J. B. Whitehead’s work using an entirely 
different experimental approach confirms 
this conclusion. 

Secondly, from a theoretical point of view 
it would be very valuable to obtain more 
information concerning the nature of the 
ions responsible for observed conduction 
phenomena. I should like to ask Doctor 
Whitehead whether he is planning to extend 
these studies in an attempt to determine 
quantitative data for such properties of the 
ions as their sources, range of sizes, charges 
and mobilities. 


J. B. Whitehead: Referring to Oscar Hess’s 
question, no method has been devised for 
making permanent the improvement in an 
oil due to the application of continuous 
potential. If the original conductivity is 
due to electrolytic ions, theoretically it 
should be possible to remove these and so 
reduce the conductivity and loss. There 
are, however, other causes of conductivity 
such as radioactive and cosmic ray influ- 
ence, particularly as related to the contact 
of the metal with the electrodes. It is my 
feeling that this is the more important factor 
and from its nature we would not expect a. 
permanent cleanup following the applica- 
tion of continued potential. 

As to W. A. Del Mar’s question, I think 
that the barrier action of the paper is the 
principal reason why impregnated paper is 
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nov subject to d-c cleanup. The space 
charges may not separate sufficiently far to 
cause an over-all polarization. 

Doctor H. H. Race raises the question of 
the date at which conduction was recog- 
nized as a cause of dielectric loss in oils. 
This was first suggested by the work of 
Tank in 1915. In 1929 Dr. J. B. Whitehead 
and R. H. Marvin at the A.I.E.E. winter 
convention (“Anomalous Conduction as a 
Cause of Dielectric Absorption,” A.I.E.E. 
TRANS., v. 48, April 1929, p. 299-814) re- 
ported loss measurements under alternating 
stress, together with short-time and long- 
time conductivity measurements and stated 
that anomalous conductivity is sufficient to 
account for all the loss in insulating oils. 
In a subsequent paper at the 1931 A.I.E.E. 
winter convention, Doctor Whitehead pre- 
sented further, more intimate measure- 
ments concerning the origin of. loss (see 
“The Conductivity of Insulating Oils—II,”’ 
A.I.E.E. Trans., v. 50, June 1931, p. 692— 
8). In these measurements, it was shown 
that for many oils, the initial conductivity 
over a period of a second was sufficient to 
account for all the loss. In certain oils 
a d-c current curve decaying sharply within 
the first few thousandths of a second indi- 
cated the presence of a polar component. 
In these cases it was shown that the total 
measured loss was accounted for principally 
by a conduction component, but with an 
added component of loss due to the polar 
property referred to. It was also shown 
that the conductivity of liquids computed 
from d-c measurements one minute after 
the application of voltage would account 
for the alternating loss only in the cases of 
oils relatively impure and of conductivity so 
great as to obscure the short-time properties 
referred to above. 


Definitions of Power 
and Related Quantities 


Discussion of a paper by H. L. Curtis and 
F. B. Silsbee published in the April 1935 
issue, pages 394-404, and presented for oral 
discussion at the instruments and measurements 
session of the summer convention, Ithaca, 


N. Y., June 25, 1935. 


G. M. L. Sommerman (Amer. Steel and 
Wire Co., Worcester, Mass.): The writers 
are to be commended on their very complete 
treatment of the subject of power definitions. 
While some of the terms and definitions may 
not meet with extended use, it is well to 
have a complete set available. It seems 
proper that the subject of terminology 
should be kept open for discussion until a 
general reading and digestion of the paper 
has taken place. 

In figure 2 and throughout the paper the 
power vector F is called “‘fictitious’’ power. 
The name ‘‘nonactive’’ power for this vec- 
tor seems preferable to ‘“‘fictitious’’ power 
The writer has no objection to the use of 
the adjective ‘‘fictitious’”’ in scientific writ- 
ing where such use implies that the noun 
modified is treated as existing for purposes 
of discussion only. However, in the present 
case, the vector F exists just as surely as do 
vectors D, N, V, and U. What is really 
meant is that F does not contain any active 
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power. Vector NV has been named ‘“‘non- 
reactive power’’ because it represents all the 
power except the reactive power, Q, i. e., 


N = U — Q vectorially. 


Q is perpendicular to both components of JN, 
i.e., N is not a function of Q. In the same 
manner, F should be called ‘‘nonactive 
power,” since it represents all the power ex- 
cept the active power, P, i. e., 


Os lf = Je 


P is perpendicular to both components of 
F,i.e., Fis not a function of P. The name 
“nonactive’”’ is also more mnemonic than is 
“fictitious.” 

It might be argued that this would be 
justification for calling the vector V ‘“‘non- 
distortion power” since these vectors are 
also mutually perpendicular. It is true 
that the adjective ‘‘vector”’ is more generic 
than specific, and might well be substituted 
by another word. However, this name has 
been used a great deal in the past; more- 
over, the vector V depends on the amount 
of distortion in many cases. In cases where 
harmonics appear in the voltage wave only 
or in the current wave only, i. e., a sinusoidal 
voltage applied to an over-excited trans- 
former, there exists a finite D of which P 
and Q are not functions. In such cases the 
name “‘nondistortion power’’ for V is truly 
applicable. 

The use of symmetrical components in 
the unbalanced 3-phase cases, pages 401 
and 402, seems to be the only logical and 
definite method for treating such cases. 
It should be noted that, for the sinusoidal 
case, a unique expression for the apparent 
power can be obtained directly from the 
components 


for 3 phases, where £ and J are effective 
values, and p, n, and z refer to the positive, 
negative, and zero sequence sets, respec- 
tively. 

For the most complicated case, that of an 
unbalanced polyphase system with nonsinu- 
soidal voltage and current waves, it is con- 
venient to introduce a double subscript no- 
tation, thus: Efe, [fg; where the first sub- 
script refers to the sequence and the second 
subscript refers to the order of the harmonic. 
Using this notation, the definite quantity 
designated on page 402 as the symmetrical 
apparent power becomes, for the 3-phase 
case 


Epolp + EnIm + Eala + 
Eplp + En2Ine sp Ex aE 


(BA roe Ea Poe lay 2. Pom 


It is obvious that this expression can be less 
than the apparent power. Thus, if any E 
or any 7 is zero, its cofactor is absent in the 
expression for Us, whereas, the cofactor, if 
it exists, actually contributes to the appar- 
ent power. To avoid this difficulty, Ep may 
be defined as 


re 


Ep = VEpi? + En? +... + Epa? 
and 
i VI? + Ip? +... +I pn? 


and similarly for Ex, In, Ez, and J,. If 
these quantities are substituted in 


Us’ = 3(Eplp + EnIn + EzIz) 


one obtains an expression for symmetrical 


apparent power which also contains all 
quantities actually existing regardless of 
the existence of their cofactors. 

With the increasing interest manifest in 
the application of tensor analysis to electrical 
engineering problems, it might be well to 
point out that the voltages and currents 
with the double subscript notation men- 
tioned above may be regarded as tensors of 
the second rank. It is interesting to see 
that the long expression for U, for the m- 
phase, nonsinusoidal case becomes simply 


Oy = mE agle8 


in the tensor notation. 


W. H. Pratt (General Elec. Co., West Lynn, 
Mass.): This is a very effective summary 
of the complexity that results when a rigor- 
ous extension of the ideas in connection with 
the simple sinusoidal flow of energy is carried 
out for nonsinusoidal and polyphase condi- 
tions. 

Most of the quantities defined cannot be 
very generally useful for they do not iden- 
tify but merely summarize. 

The designers of apparatus and circuits 
need to know the magnitude and phase re- 
lationships of the currents and voltages of 
the particular frequencies, i. e., harmonics 
that appear, but these are not identified 
in this system of units. 

The operating man must in general ignore 
the quantities of other than fundamental 
frequency for only those of fundamental 
frequency are within his control. 

For commercial purposes, quantities that 
broadly summarize conditions and correlate 
circuit conditions as found with circuit possi- 
bilities would be most useful; thus “‘limiting 
power” as the basis of the definition of 
polyphase power factor would seem to be 
most useful. 

In the activity of many electric circuits, 
the electromotive force and current are 
accurately represented by a fundamental 
frequency and its harmonics for the elec- 
tromotive forces are actually the resultant of 
a system of identifiable component harmonic 
frequencies. 

In other circuits such as those in which 
the magnetic qualities of ferromagnetic 
substances play an important part or where 
electron discharges are prominent, a Fourier 
series can only imperfectly represent the 
situation, perfect within any desired degree 
of approximation for certain analyses but 
quite imperfect as a means of solving cer- 
tain other problems. 

For this reason, quantities that are based 
on a Fourier analysis cannot be considered 
as having a truly fundamental standing un- 
less they happen to fully identify a charac- 
teristic of the circuit. 

True power does not suffer from this 
limitation. It is undeniably a very funda- 
mental and definite physical conception, 
and the writer feels that it is unfortunate 
that the word should be freely used as a 
component part of the names of other quan- 
tities that have only a superficial resem- 
blance to power. This remark applies even 
to “reactive power.”’ 

The writer also objects to the use of the 
word ‘‘vector’’ where the vector character- 
istic is present, only in the representation 
not in the nature of the quantity. The 
geometrical relationship that appears in the 
diagrams is a convenient way of represent- 
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ing a combination in which C = VA? + B?, 
but the quantities here used are not by na- 
ture . vectors. 

As a more specific illustration of the writ- 
er’s views, the quantity that in this paper is 
called “reactive power’? has great impor- 
tance when sinusoidal conditions are under 
discussion. Its importance seems to be due 
to its proportionality to the derivative of 
power, but with the extension to periodic 
quantities in general this derivative rela- 
tionship is lost and with it all practical 
significance to the quantity as defined in 
the paper, except when sinusoidal condi- 
tions are approximated. 


W. V. Lyon (Massachusetts Inst. of Tech., 
Cambridge): In this paper there is pre- 
sented a proposal to define 17 different kinds 
of power. Eight of these definitions relate 
to single-phase circuits while the remainder 
relate to polyphase circuits. The very 
number of these definitions is arresting and 
invites discussion as to the need for this par- 
ticular differentiation. The writer is of the 
opinion that the sole test by which the pro- 
posed definitions will stand or fall is whether 
they define useful quantities, and not 
whether they appear to form a “‘complete 
and logical set.’’ An electrical quantity 
may be useful because it has physical-reality 
such as do the instantaneous potential, the 
instantaneous current and the instantane- 
ous power. It may be useful in the solution 
of the varied problems that arise both in 
theoretical investigations and in practice. 
Finally it may be useful as an aid in estab- 
lishing equitable rates for the sale of electric 
energy. From this point of view of useful- 
ness the writer wishes to discuss briefly 
some of the proposed definitions and to 
point out certain of the desirable and unde- 
sirable characteristics that they possess. 

Instantaneous power possesses the follow- 
ing very important characteristic. The 
total instantaneous power supplied to any 
network equals the algebraic sum of the 
instantaneous powers supplied to the indi- 
vidual branches of the network. That is, 
the whole is equal to the sum of its parts. 
This is true regardless of the arrangement 
of the branches or of the wave forms of the 
potentials and currents that are involved. 
Since active power is the average value of the 
instantaneous power, taken over a complete 
cycle, it also possesses this same important 
characteristic. 

Reactive power is usually associated with 
the reactance in the circuit although there 
are exceptions to this relationship. For ex- 
ample, the reactive power taken by a syn- 
chronous motor may be capacitive rather 
than inductive. Again a resistance which 
varies cyclically may take reactive power 
whereas an inductance which varies cycli- 
cally may take active power as well as reac- 
tive power. Under sinusoidal conditions 
the reactive power is often linked with the 
“amplitude of the alternating component of 
the power resulting from the reactance of the 
circuit,” as in paragraph III, 4, h of this 
paper. This conception readily leads to 
confusion, as the writer has shown (‘‘Reac- 
tive Power and Power Factor,” W. V. Lyon, 
A.I.E.E. TRANS., v. 52, Sept.—Dec. 1933, p. 
763-70), when the reactive powers supplied 
to the individual branches of a network are 
combined in order ‘o determine the total re- 
active power supplied to the network. The 
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best physical conception of reactive power 
is given in paragraph III, 4, i, although this 
is not universal. In the sinusoidal case re- 
active power is best defined as EJ sin 6. It 
then has the important characteristic that 
the total reactive power input at the termi- 
nals of any network equals the algebraic 
sum of the reactive powers supplied to the 
individual branches of the network. Should 
it be considered desirable to extend the defi- 
nition of reactive power to the nonsinusoidal 
case, as the authors propose, the reactive 
power would still possess the foregoing char- 
acteristic. In spite of this great advantage 
the writer questions the usefulness of this 
extension and believes that before it is 
adopted, carefully selected numerical illus- 
trations should be presented which indicate 
its probable usefulness in connection with 
the calculation of power network problems. 
The measurement of the quantity should 
also be considered as well as its possible 
effect on the rates at which electric energy 
is sold. If the extension of the definition of 
reactive power to the nonsinusoidal case 
cannot be justified by its usefulness the pro- 
posal to so extend it will in effect be re- 
jected by common consent even though 
“the possibility of the further extension of 
power concepts would (thereby) vanish.” 
However, let us assume that the extension 
of the definition is accepted in order that 
the discussion can continue. 


In a single-phase circuit the distortion 
power is the third of the 3 mutually perpen- 
dicular components into which the apparent 
power (volt-amperes) is divided. The other 
components are the active power and the re- 
active power. The distortion power is due 
to the presence of harmonics in the poten- 
tial or current. If the potential and current 
are both sinusoidal the distortion power is 
zero. However, if a nonsinusoidal poten- 
tial is impressed on a constant resistance 
the distortion power is also zero. If a non- 
sinusoidal potential is impressed on a con- 
stant inductance (of zero resistance) the 
power, although it results wholly from re- 
actance, is not wholly reactive but has a 
distortion component. For example, if a 
potential consisting of a fundamental com- 
ponent £; and a third harmonic component 
E; is applied to a resistanceless inductance 
having a fundamental reactance X1, the 
active power is zero, the reactive power is 


and the distortion power is 


Shag The authors present no evidence 
u 1 

as to the usefulness of the distortion power 
either in regard to its bearing on the calcu- 
lation of power networks or on the estab- 
lishment of more equitable energy rates. 
The direct measurement of the distortion 
power presents some difficulty. 


It should also be noted that the proposed 
definition of distortion power places a cer- 
tain restriction upon its usefulness inasmuch 
as it ignores the frequencies of the harmonics 
in the potential and current, whereas the 
heating losses in alternating-current ma- 
chines depend upon the frequency as well as 
upon the amplitude of the potential and 
current. 

The division of the single-phase apparent 
power (volt-amperes) into 3 mutually per- 
pendicular components corresponds to the 
resolution of a force into such components. 
In the latter case the resolution has proved 


an invaluable aid when it is desired to com- 
bine a number of forces, inasmuch as the 
resultant component along one of the mu- 
tually perpendicular axes equals the sum of 
the components of the individual forces 
along that axis. As the writer has pointed 
out this additive law is also true in regard to 
the active power and to the reactive power. 
Most unfortunately, however, it is not true 
in regard to the distortion power. That is 
to say, the distortion power measured at 
the terminals of a single-phase network does 
not in general equal the sum of the distortion 
powers in the individual branches of the net- 
work. In the writer’s opinion this is a vital 
defect. For example, consider 2 parallel 
branches to which is applied a nonsinusoidal 
potential. Ifthe impedance at fundamen- 
tal frequency of the first branch (a) is 1 + 
j 1 units and of the second branch (0) is 1 — 
7 1 units, and the applied potential consists 
of a fundamental of one unit and a third 
harmonic of one unit, the following values 
of the component powers are obtained: 


Pq = 0.6 unit . Pp eaaimits 
Qa = —0.8 unit Qo = 0.8 unit 
De = V0.2 unit Dpe=—V 0.25mi 


These parallel branches are equivalent to 
a nonreactive resistance at all frequencies. 
Thus Qa + Q» = 0. This being true the 
resulting distortion power calculated at the 
terminals is zero, whereas the sum of the 
distortion powers in the 2 branches is 


2 \/0.2 unit. Of what significance then 
is the sum of the distortion powers in the 
various branches of a single phase of a poly- 
phase network? 

Finally let us consider 2 simple illustra- 
tions of the application of the definitions of 
arithmetic apparent power, algebraic ap- 
parent power, and vector power. The cir- 
cuit in the first illustration consists of 3 im- 
pedances each having the same ohm value 
but with angles of zero, + 60 degrees, and 
—60 degrees. These impedances are con- 
nected between the lines and neutral of a 
balanced 3-phase system in such a phase 
order that the currents in the lines and in the 
neutral conductor are each J amperes. If 
the line-to-neutral potentials are sinusoidal 
and have values of £ volts, the total active 
power is 2 EJ and the total reactive power is 
zero, There is no distortion power. The 
arithmetic apparent power is 3 EJ, the alge- 
braic apparent power is 2.73 EI, while the 
vector power is 2 HI, The vector power 
factor is unity, the algebraic apparent 
power factor is 0.732, while the arithmetic 
apparent power factor is 0.667. Which of 
these factors should be used in computing® 
the charge for energy according to a power 
contract? 

The second illustration relates to a bal- 
anced 4-phase, 4-wire system which has 2 
equal lamp loads connected across opposite 
pairs of adjacent line terminals. The line 
potentials are each £ volts and the line cur- 
rents are each J amperes. In this case the 
active power is 2 EJ and the reactive power 
is zero. Thus the vector power is 2 EJ, but 
arithmetic and algebraic apparent powers 
are each 2.83 EJ. The vector power factor 
is unity as is customary in the case of a lamp 
load. Both the arithmetic and algebraic 
apparent power factors, however, are 0.707, 
which is a most unusual rating for a lamp 
load and might well be the cause of consider- 
able friction in the matter of power con- 
tracts. 


1121 


News 


Of Jastitute nmel Related Activities 


Pacific Coast Holds 


93d Annual Convention at Seattle 


F.. the third time since Pacific Coast 
conventions of the Institute were initiated 
in 1910, the Seattle Section (first in 1916 and 
again in 1925) played host to a national con- 
vention of the Institute; this occasion was 
the 23d Pacific Coast convention, held at 
the Olympic Hotel in Seattle, Wash., from 
Tuesday morning through Friday, August 
27-30, 1935. (For those who will check the 
mathematics involved: no Pacific Coast 
conventions were held in 1917, 1918, or 
1933.) 

Although the convention committee was 
set up and ready for business Monday after- 
noon at 3 o’clock, advance registrations were 
few, and activities did not start in earnest 
until Tuesday morning, when the registra- 
tion rush caused a slight delay in the open- 
ing of the initial session. However, at about 
10:15 a.m. Prof. E. A. Loew, chairman of 
the general convention committee, called to 
order the 130 members and guests present in 
the meeting hall, and introduced Dr. Lee 
Paul Sieg, president of the University of 
Washington. Following Doctor Sieg’s 
cordial welcoming remarks, President E. B. 
Meyer was called upon by Professor Loew. 
President Meyer in his brief response paid 
tribute to the several convention committees 
for the evident thoroughness of arrange- 


Analysis of Attendance at 1935 Pacific 
Coast Convention 


Location 


Dist. Dist. Dist. 
Classification Seattle 9* 8 10 Misc. Totals 


Members....... OO OU see we eo ares, .145 
Wem Guests cecO ieee Aare lee lincut oo 
IWiomen Gitests;, 62... 219). 10s). 1555225 64 
Students....... De Mare Osysre iOlrere scans te PE 


OLAS rere Rtarcie 127 SO 202. Meds 269 


* Outside of Seattle, Wash. 


ments made; he also spoke briefly of the 
scope of Institute activities available to 
members, urging each individual member to 
participate directly in as many such activi- 
ties as possible, not only in order that he 
might make a contribution toward profes- 
sional development, but that he might also 
receive the maximum benefit from his mem- 
bership. 

Attendance is analyzed in the accompany- 
ing tabulation. Members were present from 
all 7 Sections in the Pacific Coast territory 
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(Districts 8 and 9 and the western portion of 
District 10), as were representatives from 12 
of the 14 Student Branches in the territory. 
National Institute officers present included 
President E. B. Meyer, Newark, N. J.; 
vice presidents F. O. McMillan of Corvallis, 
Ore., and N. B. Hinson of Los Angeles, 
Calif.; and past-presidents H. V. Carpenter 
of Pullman, Wash., and R. W. Sorensen of 
Pasadena, Calif. 


TECHNICAL SESSIONS 


Two of the 5 general technical sessions 
were held Thursday, one in the morning and 
one in the afternoon; others were held 


Dr. L. P. Sieg (right) president of the 
University of Washington, Seattle, wel- 
coming E. B. Meyer, president of the 


A.1.E.E., to the Northwest 


Wednesday, Thursday, and Friday morn- 
ings. These sessionsaccommodated the pres- 
entation and active discussion of all 16 of 
the formal technical papers embraced in the 
detailed program of this meeting as pub- 
lished on page 784 of ELecrricaL ENcrI- 
NEERING for July 1935, which program also 
gives reference to the pages in the April, 
May, June, and July issues of ELpcrricaL 
ENGINEERING on which 8 of these papers 
were published; the 8 papers not so desig- 
nated were published in the August issue. 
Taking advantage of the flexibility provided 
by the unified publication plan, the com- 
mittee in charge of the technical program 
for the Seattle convention scheduled for 
presentation and discussion several papers 
previously presented at eastern conventions. 

In addition to the regular technical 


papers, 3 special illustrated talks were pr: 
sented: 
1. PrRoGRESS OF THE GRAND COULEE DEVELO 


MENT TO Dats, by Alzin F. Darland (A’20, M’22 
Bureau of Reclamation, Coulee Dam, Wash. 


2. ELECTRICAL FEATURES OF THE BONNEVILL 
Project, by L. E. Kurtichanof, U.S. Army Eng 
neering Corps, Portland, Ore. 


3. Orr-PEAK CONTROL OF WATER HEATER LOAI 
by F. M. Starr (A’30), General Electric Con 
pany, Schenectady, N. Y. 

Presiding over the several technic: 
sessions were Prof. E. A. Loew, general cor 
vention chairman, and past chairman of th 
Seattle Section; F. J. Bartholomew, pas 
chairman of the Vancouver, B. C., Section 
Vice President F. O. McMillan; Vice Pres: 
dent R. W. Sorensen; and Dr. C. E. Mag 
nusson, past chairman of the Seattle Sectior 


STUDENT TECHNICAL SESSIONS 


Consistent with the effective policy tha 
has been followed for several years in cor 
nection with Pacific Coast conventions, 2 en 
tire afternoon technical sessions were de 
voted to the presentation of 10 Studen 
papers, the titles and authors of which wer 
as published on page 784 of ELEecrrica 
ENGINEERING for July 1985, except fo 
elimination of the paper scheduled to hav 
been presented by Stephen S. Stevens 


CONFERENCE ON STUDENT ACTIVITIES 


In addition to these Student technics 
sessions, the Branch chairmen, Studen 
counselors, vice presidents, and _ severe 
others interested in Student activities ai 
tended the regular annual Student confer 
ence that was held Wednesday evenin 
following a dinner meeting of the grour 
This conference was presided over by Pro: 
O. E. Osburn of Washington State College 
Pullman, counselor-chairman for District | 
for the preceding year. In his opening re 
marks, Chairman Osburn sought to empha 
size the importance of the responsibility tha 
rests upon the Student Branch chairmer 
and particularly upon the several Studen 
counselors in connection with the successfu 
development of Student activities. 

The conference was given over to | 
thorough-going discussion of various sug 
gestions for improving the effectiveness 
activities in and among the Studen 
Branches represented. The principal topi 
of discussion had to do with practical way 
and means of enabling Enrolled Student 
to establish effective contact with th 
realities of their chosen profession. Vic 
President Hinson in brief remarks pointe 
out that such contact must be establishe 
sooner or later anyway, and that it was dis 
tinctly to the advantage of the young eng 
neer to go as far as possible in that directio 
before graduation instead of leaving it unt 
after graduation. It was the general cor 
sensus of opinion that 2 particularly effe: 
tive channels are provided through the Stt 
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dent Branches—first, the opportunity for 
personal participation in Institute affairs 
and the establishment of personal contact 
with practicing engineers; second, the op- 
portunity for direct contact with, and the 
gradually developing understanding of, im- 
portant current technical advances and 
broader professional problems through the 
use of material published by the Institute 
in its monthly journal ELecrricaL EncrI- 
NEERING. Although it was suggested that 


tion that will be held in southern California 
under the auspices of the Los Angeles Sec- 
tion, considerable attention was given to 
the development of preliminary plans for 
sessions at that convention to be devoted to 
Student papers. 

Of the 14 Student Branches in Districts 
8, 9, and the western part of 10, 12 were 
represented by Student chairmen or vice 
chairmen; and 11 out of the 14 Branch 
counselors also were present at the con- 


At the speakers’ 
table, during the an- 
nual banquet held 
on Thursday evening 


From left to right: Vice President F. O. McMillan, Convention Chairman E. A. Loew, Presi- 
dent E. B. Meyer, Toastmaster Joseph Hellenthal, National Secretary H. H Henline, and 
Vice President N. B. Hinson 


more material of special interest to Stu- 
dents perhaps could to advantage be de- 
veloped for publication, it was definitely a 
prevailing consensus of opinion that there 
is more such material being published cur- 
rently than is being put to full use. 

In this connection, one of the Branch 
chairmen said pointedly that ‘‘there is a 
real need in a great many instances for a 
proper and effective stimulation of initial 
Student interest, and that it was in such 
instances that the Branch counselors could 
indeed render a valuable service in assisting 
the Student to overcome his ‘starting inertia’ 
and in guiding the direction of the Student’s 
initial efforts to read and understand the 
technical papers and discussions which his 
Institute affiliation brings to him through 
ELECTRICAL ENGINEERING.” This senti- 


ment was reflected widely in comments of 
other Branch chairmen, in the remarks of 
some of the counselors, and was emphasized 
by Vice President (former counselor) Mc- 


Chairman A. E. Loew (left) and Vice 
Chairman L. B. Robinson of the 1935 Pacific 


Coast convention committee 


Millan, who called attention frankly to the 
fact that responsibility for the success or 
failure and for the degree of effectiveness of 
the program of each Student Branch rests 
squarely upon the counselor in each case. 

The question of Student sessions at future 
conventions also was discussed. Looking 
forward to the 1936 annual summer conven- 
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ference. Branch chairmen present in- 
cluded: Felix Berra, University of Arizona, 
Tucscn; H. P. Blanchard, Stanford Uni- 
versity, Calif.; Louis Brewer, Montana 
State College, Bozeman; Glenn G. Davis, 
University of Utah, Salt Lake City; W. A. 
Gish, Oregon State College, Corvallis; R.A. 
Greulich, University of Nevada, Reno; 
James H. Miller, University of Idaho, 
Moscow; J. T. Mullin, University of Santa 
Clara, Calif.; John D. Oliphant, University 
of Southern California, Los Angeles; Win- 
field Pullen, Jr., University of Washington, 
Seattle; Edward Simmons, California In- 
stitute of Technology, Pasadena; George L. 
Ziminerman, Washington State College, 
Pullman. 

Branch counselors present were: A. L. 
Albert, Oregon State College, Corvallis; 
P. A. Biegler, University of Southern Cali- 
fornia, Los Angeles; W. A. Hillebrand, 
University of California, Berkeley; J. fi. 
Johnson, University of Idaho, Moscow; 
O. E. Osburn, Washington State College, 
Pullman; E. F. Peterson, University of 
Santa Clara, Calif.; G. R. Shuck, Uni- 
versity of Washington, Seattle; H. H. 
Skilling, Stantord University, Calif.; R. W. 
Sorensen, California Institute of Tech- 
nology, Pasadena; A. L. Taylor, University 
of Utah, Salt Lake City; and j. A. Thaler, 
Montana State College, Bozeman. 

At group conferences of the counselor- 
delegates, held immediately after the 
general conference, District Student coun- 
selor chairmen for the ensuing administra- 
tion year were selected: for District 8, 
Prof. E. F. Peterson; for District 9, Prof. 
G. R. Shuck. 


ENTERTAINMENT 


General entertainment features opened 
with a reception and informal dance held 
Tuesday evening, August 27, in the Junior 
Ballroom of the Olympic Hotel; embraced 
a variety of features of special interest to 
both men and women; and with one ex- 
ception closed with the annual banquet 
held Thursday evening in the Spanish 
Ballroom where 175 participants were enter- 


tained with song, dance, and orchestral 
numbers during the banquet. The banquet 
was a highly informal and thoroughly suc- 
cessful affair presided over by past chair- 
man Joseph Hellenthal of the Seattle Sec- 
tion, featuring brief remarks from general 
chairman E. A. Loew of the convention 
committee, and President E. B. Meyer, 
and largely dominated by the golf com- 
mittee in making its awards of a galaxy of 
valuable prizes. 

Principal feature of the entertainment 
especially for women was the bridge lunch- 
eon held Thursday afternoon at the Sand 
Point Golf and Country Club, Seattle, and 
enjoyed by 49 women of whom the follow- 
ing were reported as prize winners: Mrs. 
Reinier Beeuwkes, Mrs. Charles Cross, 
Mrs. ©. H. Hoge, Mrs. Ray Rader, Mrs 
C. E. Rogers, and Mrs. Wellington Rupp, 
all of Seattle, and Mrs. J. C. Henkle, Mrs. 
H. H. Schoolfield, and Mrs. V. B. Wilfley, 
all of Portland, Ore., and Mrs. M. H. 
Brewer of Belgrade, Mont. Other events 
included a boat trip participated in by 60 
women, and a boulevard tour around the 
city followed by tea enjoyed by 31. 

Supplementing miscellaneous inspection 
trips, the principal feature of the entertain- 
ment program for men was a salmon fishing 
contest held in Elliott Bay of Seattle Har- 
bor, under the sponsorship of Seattle’s 


J. B. Fisken (left) of Spokane, Wash., 

congratulates H. H. Schoolfield of Portland, 

Ore., upon his winning the prized Fisken 
golf trophy for 1935 


salmon-minded ‘‘Mystic Knights of the 
Sea.”?’ The organizer and leader of this 
novel event was C. E. Rogers, past chair- 
man of the Seattle Section. Each a guest 
of a Mystic Knight, some 28 Institute 
members attending the convention arose 
with the aid of a commanding telephone 
bell at 2:15 Wednesday morning, August 28 
(after having retired at midnight or later 
following the reception) and gathered for 
breakfast promptly at 2:45 a.m. at Rippe’s 
Cafe. By 4 o’clock, the party was afloat in 
28 boats, each trolling 2 lines. Dawn re- 
vealed some 200 other boats on the same 
quest. A check-up of 56 Mystic Knights 
and guests on the dock shortly after 7 a.m. 
revealed that the trophy cup and claim to 
supremacy had been won hands down by 
E. L. Bettannier of Pasadena, Calif., and 
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A group of the 
Student Branch chair- 
men who attended 
the Pacific’ Coast 
convention at 

Seattle 


From left to right: G. L. Zimmerman, Washington State College, Pullman; James Miller, Uni- 

versity of Idaho, Moscow; R. M. Morton, University of British Columbia, Vancouver; Edward 

Simmons, California Institute of Technology, Pasadena; J. T. Mullin, University of Santa Clara, 
Calif; and Louis Brewer, Montana State College, Bozeman 


his Mystic Knight host A. E. Cross of 
Seattle, who landed the only salmon caught 
by the party. 


GoLr 


The 15th annual competition for the John 
B. Fisken Pacific Coast A.J.E.E. golf 
trophy and the related competitions were 
held Thursday afternoon, August 29, at 
the Sand Point Golf and Country Club, 
with a field of 75 entrants. To provide the 
contestants with as much of an opportunity 
as possible, the committee had arranged 6 
different competitions in addition to that 
for the Fisken cup, all dependent upon the 
tournament results. Competition was open 
only to members and guests officially regis- 
tered at the convention. Subject to the 
committee’s announced rule that no con- 
testant could win more than one prize, and 
subject to the committee’s rules for prefer- 
ential selection, the winners of the several 
events were as follows: 


1. John B. Fisken cup competition (medal play 
on handicap): winners, H. H. Schoolfield, Port- 
land, Ore., 90-22-68; first runner-up, R. H. Dear- 
born, Corvallis, Ore., 83-14-69; second runner-up, 
R. W. Mastick, Seattle, Wash., 84-14-70. 


2. Other winners of valuable prizes, in the order 
of the magnitude of their proficiency as deter- 
mined by the committee were: (i) A. J. Schmitz, 
Seattle; (2) W. D. McDonald, Seattle; (3) E. L. 
Breene, Seattle; (4) W. D. Shannon, Seattle; (all 
winners in guest competition); (5) F. D. Carroll, 
Seattle; (6) C. R. Boyle, Seattle; (7) J. C. Henkle, 
Portland; (8) R. E. Thatcher, Seattle; (9) G. R. 
Murphy, San Francisco; (10) E. L. Criger, Sesttle; 
(11) Peter Diederich, Glendale, Calif.; (12) V. B. 
Wilfley, Portland; (13) J. H. Seigfried, Kennewick, 
Wash.; (14) N. H. Callard, San Francisco; (15) 
Max Bitts (Student) Seattle; (15) J. I. Caldwell, 
Seattle; (16) J. G. Miles, Seattle; (17) C. H. 
Cutter, Seattle; and 6 or 8-others each of whom 
received one golf ball for each of several birdies 
made. 


The Fisken trophy is a cup, originally 
donated by the Portland Section for annual 
competition (for members in good standing 
only) and named in honor of J. B. Fisken, 
hydroelectric pioneer of the Northwest. 
This year’s tournament was the 15th com- 
petition for the Fisken trophy; winners are: 


1920—C. L. Wernicke, Portland 
1921—C. P. Osborne, Portland 
1922—J. B. Fisken, Spokane 
1923—S. J. Lisberger, San Francisco 
1924—K. E. Van Kuran, Los Angeles 
1925—W. C. Heston, San Francisco 
1926—P. M. Downing, San Francisco 
1927—C. E. Heath, Los Angeles 
1928—G. D. Luther, Seattle 
1929—E. W. Rockwell, Los Angeles 
1930—W. F. Hynes, Portland 
1931—M. S. Barnes, San Francisco 
1932—J. E. Underhill, Vancouver, B. C. 
1933—No convention 

1934—H. W. Flye, San Francisco 
1935—H. H. Schoolfield, Portland 
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COMMITTEES 


Committees and committee workers re- 
sponsible for the success of the Seattle con- 
vention were: 


Convention Committee—E. A. Loew, 
chairman; L. B. Robinson, G. H. Walker, A. M. 
Bohnert, Walter Brenton, F. J. Bartholomew, 
Fred Garrison, E. B. Hansen, G. L. Hoard, R. H. 
Hull, R. E. Kistler, F. C. Lindvall, F. O. Mc- 
Millan, R. U. Muffley, E. O. Osburn, H. T. Plumb, 
G. E. Quinan, Wellington Rupp, C. E. Rogers, 
R. W. Sorensen, and J. A. Thaler. 


General 


Salmon fishing champion E. L. Bettannier of 
Pasadena, Calif., exhibiting the result of 
232 man-hours of fishing 


Meetings and Papers—G. L. Hoard, chairman 
Reinier Beeuwkes, Joseph Hellenthal, K. L. Howe 
and C. E. Rogers. 
Finance—L. B. Robinson, chairman; C. E. Rogers 
and G. H. Rogers. 


Publicity—R. E. Kistler, chairman; J. H. Kelley 
A. I, Launder, C. M. Lubcke, and Ray Rader. 


Hotel and Registration—E. B. Hansen, chairman, 
H. O. Blair, M. T. Crawford, E. R. Hannibal 
W.S. Hill, C. A. Lund, and G. R. Shuck. 


Trips and Transportation—Wellington Rupp, 
chairman; R. O. Bach, Charles Cross, W. E. 
Conroy, W. S. McCrea, E. L. White, and Laurence 


Wylie. 
Golf—G. E. Quinan, chairman; E. L. Crider, E. J. 
Descamp, R. W. Mastick, and T. S. Wood 


Fishing Contest—C. E. Rogers, chairman; G. O 
Cranmer, C. A. Foley, Ray Hasselo, and C. L. 
Johnson. 

Entertainment—R. U. Muffley, chairman; F. W. 
Carlson, E. S. Code, C. J. Hawkes, C. H. Hodge, 
G. Smith, and C. R. Wallis. 


Ladies’ Entertainment—Mrs. J. Hellenthal, gen- 
eral chairman; Mrs. R. E. Kistler, Mrs. E. A. 
Loew, Mrs. C. E. Rogers, and Mrs. G. H. Walker. 


Engineering Examiners to Meet. The 16th 
annual convention of the National Council 
of State Boards of Engineering Examiners 
will be held at Columbus, Ohio, October 23— 
25, 1935, with headquarters at the Deshler- 
Wallick Hotel. The program calls for 
business sessions during the mornings and 
afternoons of Wednesday and Thursday, 
October 23 and 24, with committee meet- 
ings held late on Wednesday afternoon. 
The annual dinner, to which women are in- 
vited, will be held on Wednesday night, 
and the ‘‘professional engineers banquet” 
on Thursday night. There will be a sight- 
seeing trip Friday morning. Business to 
be transacted during the convention will 
include reports of the following standing 
committees: accredited engineering schools, 
uniform examinations for registration, legal, 
National Bureau of Engineering Registra- 
tion, Engineers’ Council for Professional De- 
velopment, constitution, and the special 
committee on reciprocity and certification 
of engineers. Perry T. Ford, who is secre- 
tary of the Ohio State board, is chairman of 
the convention committee. 


Membership— 


Mr. Institute Member: 


substantial record of progress. 


By this time you have received our fall letter asking you to help 
your Section membership committee in obtaining new members by 
sending in the name of one person who, you feel, should be invited 
to join the Institute. Your individual co-operation in this activity 


in the past has been of the greatest helpfulness in the work and 
without your part in it we would not be able to return to you a 


If you have not yet replied to the 
letter, will you not do so promptly? 


Chairman National Membership Committee 


ELECTRICAL ENGINEERING 


Great Lakes District 
Meeting at Purdue 


The Great Lakes District of the A.I.E.E. 
will hold a meeting at Purdue University, 
West Lafayette, Ind., on Thursday and 
Friday, October 24 and 25, 1935. Three 
technical sessions will provide an interest- 
ing variety of timely subject matter and a 
Student technical session will be held on 
Friday morning, at which 15 of the best 
papers selected from the various Student 
Branches within the District will be pre- 
sented. The social and recreational fea- 
tures which will round out the program 
consist of a dinner, dance, and inspection 
trips to the factory of the Duncan Electric 
Manufacturing Company in Lafayette, 
and the various buildings and laboratories 
of the university. 

It is interesting to note that Purdue Uni- 
versity has one of the finest electrical engi- 
neering laboratories in the country. For 
many years they have specialized in extra 
high potential research, which provides a 
very appropriate setting for the session on 
high potential measurements. The major- 
ity of the technical papers for this session 
and the entire program except the Stu- 
dent session and the paper entitled ‘‘Char- 
acteristics of Luminous Tube Circuits’ 
are published in this issue and the Septem- 
ber issue of ELECTRICAL ENGINEERING. 
Copies of the latter paper may be made 
available by the author at the meeting. 
For the technical program and more com- 
plete details regarding various features of 
the meeting see ELECTRICAL ENGINEERING 
for September 1935, pages 1005-7. All meet- 
ings, with the exception of the dinner 
meeting, will be held in the new electrical 
engineering building on the North Campus, 
which is directly on routes 52 and 152 
between Chicago and Indianapolis. 

Take advantage of the opportunities 
which the program affords and attend this 


meeting on October 24 and 25. An addi- 
tional feature will be the university home- 
coming program and football game with 
Carnegie Institute of Technology on Satur- 
day. 


Electrical Insulation 
Committee to Meet 


The 8th annual meeting of the committee 
on electrical insulation, division of engi- 
neering and industrial research, National 
Research Council, will be held at Pittsfield, 
Mass., October 17-19, with the General 
Siectric Company as host. The technical 
program is in 3 sessions in which 20 papers 
in the field of dielectric research and applica- 
tions to the problems of electrical insulation 
will be presented. 

Dr. J. B. Whitehead (A’00, M’08, F’12, 
Life Member, and junior past-president), 
Johns Hopkins University, Baltimore, Md., 
is chairman of the committee, and W. F. 
Davidson (A’14, F’26), Brooklyn Edison 
Company, Brooklyn, N. Y., is secretary. 


18 Schools Request 
Accrediting by E.C.P.D. 


Eighteen colleges and universities in the 
New England and Middle Atlantic States 
offering courses leading to an engineering 
degree have requested the Engineers’ 
Council for Professional Development to 
consider their engineering curricula for 
accrediting. The group includes many of 
the large and important engineering schools 
in these 2 regions. 

Engineers’ Council for Professional De- 
velopment is a conference of engineering 


| Future AIEE Meetings 


Great Lakes District Meeting, 
West Lafayette, Ind., Oct. 24-25, 1935 


Winter Convention, 
New York, N. Y., Jan. 28-31, 1936 


North Eastern District Meeting, 
New Haven, Conn., May 1936 


Summer Convention, 

Huntington Hotel, Pasadena, Calif., 
June 22-26, 1936 

Middle Eastern District Meeting, 
Akron, Ohio (date to be determined) 


bodies representing the technical, educa- 
tional, and legislative interests of engi- 
neers. As part of its plan to enhance the 
professional status of engineers E.C.P.D. 
hopes to promote higher standards of educa- 
tion by studying engineering curricula and 
accrediting those worthy of recognition. 
A list of approved institutions will be pub- 
lished for the assistance of those who wish 
to make use of it. 

As announced last June the plan, similar 
to that followed by the medical and legal 
professions, will be put in effect this fall in 
the New England and Middle Atlantic 
States, and extended later to other regions 
of the United States. Both qualitative and 
quantitative criteria will be used as a basis 
for accrediting. Qualitative criteria will 
be evaluated through visits of inspection 
by regional committees of qualified indi- 


viduals. Quantitative criteria will be 
evaluated through data obtained from cata- 
logs and by questionnaires. we 


The questionnaires which the committee 
spent over a. year developing and which 
were tried out experimentally in a limited 
number of schools, are now being dis- 
tributed to the institutions requesting con- 


At the Institute’s Recent Pacific Coast Convention—the Annual Banquet 


"  Byerere COAST COMVENTION 
HHERICAN IwstTiTUTE OF 
“FLrcraical Ex MERE, = 

oven Sentrue, Was: 
ee No og 21-38. 1995" 
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A scene at the annual convention banquet held as part of the Institute's 23d Pacific Coast convention at Seattle, Wash., 
August 27-30, 1935. At this highly successful affair, held on Thursday evening, August 29, 175 persons were in attendance 
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sideration. The material thus obtained 
will be analyzed and studied as it is received 
and will be presented to the regional com- 
mittees for their consideration prior to 
visiting the institutions. 

The prompt acceptance of this plan by so 
many institutions is an excellent indica- 
tion of the interest with which this program 
of E.C.P.D. is being received. A number 
of additional institutions expressed interest 
in the matter but found it necessary to de- 
fer actual requests until the return of their 
officers in September. 

The plan being followed in the accrediting 
procedure was outlined in ELECTRICAL 
ENGINEERING for February 1935, pages 
249-50; March 1935, page 348; and August 
1935, page 895. 


A.S.M.E. Nominates Officers. Officers 
of The American Society of Mechanical 
Engineers to serve for the year 1936 were 
recently. nominated. W. L. Batt, presi- 
dent of the SKF Industries, Inc., was 
nominated for the office of president. Mr. 
Batt, a graduate of Purdue University, is 
also a director of the Air Preheater Corpora- 
tion, and a director of the Hudson Insurance 
Company, New York. He is probably best 
known to members of the Institute for his 
activities on United Engineering Trustees, 
Inc., being at present chairman of the co- 
ordination committee of engineering socie- 
ties. For his interest and activity in pro- 
moting commercial relations with Sweden, 
King Gustav V, of Sweden, in 1926, con- 
ferred upon Mr. Batt the Order of Vasa, 
and in 1933 the Royal Order of the North 
Star. Newly nominated vice presidents of 
the A.S.M.E. are Alex D. Bailey, assistant 
chief operating engineer of the Common- 
wealth Edison Company, Chicago, IIL; 
J. A. Hunter, professor of mechanical 
engineering at the University of Colorado, 
Boulder; W. A. Shoudy, associate professor 
of mechanical engineering at Columbia 
University, New York, N. Y., and a prac- 
ticing consulting engineer; and R. L. 
Sackett, dean of the school of engineering at 
Pennsylvania State College, State College. 
Newly nominated managers are W. L. 
Dudley, vice president and chief engineer, 
Western Blower Company, Seattle, Wash.; 
W. C. Lindemann, works manager and 
secretary, A. J. Lindemann and Hoverson 
Company, Milwaukee, Wis., and J. W. 
Parker, vice president and chief engineer, 
the Detroit (Mich.) Edison Company. 


Porcelain Insulator Bodies Studied. An 
investigation undertaken to determine the 
relation and correlation between the elec- 
trical and the mechanical properties of 
porcelain insulator bodies furnished by 
manufacturers of high voltage insulators, 
and of similar bodies produced under labo- 
ratory conditions, has been conducted by 
the engineering experiment station of the 
University of Illinois in co-operation with 
the Utilities Research Commission of 
Chicago, Ill. Until January 1, 1936, or 
until the supply available for free distribu- 
tion is exhausted, copies of this bulletin, 
No. 273, may be obtained, without charge, 
upon application to Engineering Experi- 
ment Station, Urbana, IIl. 
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Santa Fe’s Mighty Diesel-Electric Locomotive 


Waar is reported to be the most powerful Diesel-electric locomotive yet constructed 
was recently delivered to the Atchison, Topeka, and Santa Fe Railway Company, the 


“Santa Fe’”’ line. 


Rated 3,600 horsepower, with a weight of 240 tons and an approximate 


over-all length of 127 feet, this new locomotive is actually a multiple unit of 2 identical 


sections which can be operated either singly or together. 
Motive power of each unit is supplied by 2 Winton V-type 12-cylinder 


end operation. 


The units are arranged for double- 


high-compression 2-cycle oil engines, each rated at 900 horsepower, and weighing less than 


20 pounds per horsepower. 


Among the many new features incorporated in the locomotive 


is a lightweight, compact, automatic steam generating unit for heating and air condition- 


ing in the cars of the train. 


The locomotive, built by the Electro-Motive Corporation, 


subsidiary of General Motors Corporation, is unique in appearance, having, in addition to 


a streamlined exterior, an attractive handling of color scheme. 


Named the “‘Super Chief,’’ 


the locomotive will be subjected to exhaustive tests; if these prove successful it will haul 


the road’s fastest train, 
faster than at present. 


“The Chief,’ between Chicago and California on a schedule 


Microphotography 
for Scientific Publication 


Microphotographic, other photographic, 
and related methods of reproduction of 
printed and typewritten material have for 
some time been under consideration as a 
means of making information more widely 
available. The dissemination of scientific 
information by these methods is being stud- 
ied by the documentation division of ‘‘Sci- 
ence Service,’ Washington, D. C., which 
points out in its document 72, dated August 
16, 1935, that the first step in dissemination 
is publication in some manner of the research 
results, and the second step is the incorpora- 
tion of references to published research re- 
sults into usable bibliographies. This proj- 
ect is for the benefit of the scientific world, 
and in that respect differs from the major 
concern of “Science Service,’’ which is an 
institution for the popularization of science. 

The documentation division of ‘‘Science 
Service’ states that it will first devote its 
energies and resources to: 

1. Development of mechanisms useful in micro- 
photographic and other photographic duplication 
and in bibliography. 

2. Development of a method of publication for 


those scientific papers and monographs that can- 
not now secure prompt or complete issuance. 


3. Co-operation with libraries in making available 
by photographic methods the literature of the past. 


4. Investigation of the broad problem of scientific 
bibliography and useful mechanisms. 


As one part of the plan, printed or type- 
written material could be microphoto- 
graphed on a 385 millimeter film which 
would be the inaster negative. For dis- 
tribution, either film positives for use in 
reading machines, or 6 by 8 inch photo- 


graphic prints suitable for reading without 
optical aid, could be made. 

As a possibility for the future, experi- 
ments are being conducted on the publica- 
tion of scientific journals by microphotog- 
raphy. The printing of some 200 pages 
of typewritten manuscripts 81/, by 11 
inches in size on a piece of film the size of 
a library catalog card, 3 by 5 inches, is 
believed to be a technical possibility, al- 
though a suitable reading machine for these 
microphotographs has yet to be developed. 
(Details of this plan are given in document 
46, free from “Science Service,’”’? 2101 
Constitution Avenue, Washington, D. C.) 

Investigations also are under way»by the 
documentation division upon problems con- 
nected with scientific bibliography. It is 
considered that photoelectric means might 
be used for picking out the desired subject 
classification from a bibliographical file, 
which might be a roll of film. (Detailed 
discussion of bibliographical procedure is 
contained in documents 58 and 61, free from 
“Science Service,” 2101 Constitution Ave- 
nue, Washington, D. C.) 


Standards for Large Rivets. A proposed 
American Standard for large rivets, 1/2 inch 
nominal diameter and larger, has recently 
been completed by subcommittee No. 1 
of the sectional committee on standardiza- 
tion of bolts, nuts, and rivet proportions. 
This proposed standard, a second revision, is 
now being distributed for criticism and 
comments. Copies are available upon ap- 
plication. All communications should be 
addressed to C. B. LePage, The American 
Society of Mechanical Engineers, 29 West 
39th Street, New York, N. Y. 
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S.P.E.E. Elects Officers. At the recent 
annual meeting of the Society for the Pro- 
motion of Engineering Education, D. S. 


' Anderson (A’01), dean, college of engineering, 


Tulane University, was elected president for 
the coming year. P.H. Daggett (A’08), dean, 
college of engineering, Rutgers University, 
and S. B. Earle, dean of engineering and 
director of the engineering experiment sta- 
tion, Clemson Agricultural College, S. C., 
were elected vice presidents. It was voted 
to hold the 1936 annual meeting of the 
$.P.E.E. at the University of Wisconsin, 
Madison. 


Doctor Hotchkiss Elected Rensselaer Presi- 
dent. Dr. William Otis Hotchkiss, who 
for the past 10 years has been president of 
Michigan College of Mining and Tech- 
nology, Houghton, has been elected to the 
presidency of Rensselaer Polytechnic In- 
stitute, Troy, N. Y. Doctor Hotchkiss, 
who was born at Eau Claire, Wis., in 1878, 
and who studied at the University of Wis- 
consin, has had a long and varied career as 
an engineer and geologist, as well as an 
educator. During his 10 years at the 
Michigan college, he added and built up 
strong courses in several branches of engi- 
neering. 


Wanted: Skilled Labor. A report in pam- 
phlet form entitled ‘‘Wanted: Skilled 
Labor’”’ has been prepared by the National 
Industrial Conference Board, Inc., which 
reveals information on the existing and po- 
tential shortage of skilled labor in the metal 
working industries. The report is based on 
an extensively circulated questionnaire. 
This 6 by 9 inch pamphlet, 37 pages in 
length, can be obtained from the National 
Industrial Conference Board, Inc., 247 Park 
Avenue, New York, N. Y., at a cost of $1. 


Tests on Night Visibility on Highways. 
A paper entitled ‘Some Visibility Tests on 
Lighted and Unlighted Highways” by Parry 
Moon (F’34) and R. C. Waring (A’19, M’27) 
has been published in the Journal of the 
Franklin Institute, volume 219, March 
1935, pages 285-314. The paper discusses 
the results of over 5,000 tests made to de- 
termine the effects of various factors on the 
distance at which the driver of a motor 
vehicle can see a pedestrian. The work 
was done as part of the Massachusetts 
Highway Accident Survey, a project of the 
Civil Works Administration. The princi- 
pal conclusions are: 

(a). The safety of a pedestrian walking along a 
highway at night can be greatly increased by the 
use of a small area of white (such asa handkerchief) 
or by reflector buttons. The visibility distance is 


increased approximately 50 per cent by the former 
and 100 per cent by the latter. 

(6). Maximum safe speeds at night on unlighted 
highways are approximately 30 miles per hour when 
there is glare from passing cars and 40 miles per 
hour when there is no glare. 

(c). Type of pavement and speed of car have little 
effect on visibility distance on unlighted roads. 

(d). An increase in headlamp candle power above 
32 seems advisable. 

(e). Depressing the headlamp beams of passing 
cars reduces visibility distance. 

(f). Highway lighting does not increase visibility 
distance appreciably unless the average luminosity 
of the pavement is above the chromatic threshold 


{order of 0.05 lumen(foot?)]. 
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Air Conditioning Association Moves. Head- 
quarters of the Air Conditioning Manu- 
facturers’ Association have been moved to 
Washington, D.C., and offices opened in the 
Southern Building there. 


aeuicnes 


Engineennd Counal 


Effects of 


Federal Legislation 


Excerpts from the current “‘news letter’’ 
of the American Engineering Council follow: 

In 4 months Congress will reassemble. 
In the interval between now and the first of 
January 1936, it is the task both of industry 
and of the federal agencies te adjust them- 
selves to the heavy load of legislation. 
Both Washington and the country are re- 
viewing with soberness the results of eimer- 
gency legislation passed during the previous 
sessions of Congress. There are certain 
to be difficulties in the way of putting some 
of the legislation into effect. 

There continues to be much coiifusion 
in Washington and, in spite of public state- 
ments to the contrary, a growing feeling on 
the part of those responsible for administer- 
ing the legislation that there is a big differ- 
ence between having new ideas and putting 
those new ideas into action. 


The executive secretary of A.E.C. has 
returned from trips both to the South and 
to the North within the last 4 or 5 weeks. 
It is made evident that the “emergency” 
needs have passed and it is realized that 
what has been made possible through new 
legislation now has to be put into action 
and paid for. 

Much of the new legislation, concerning 
as it does, natural resources, transportation, 
and construction, directly affects engineers 
and engineering development. The regula- 
tory legislation covering utility holding 
companies, motor carriers, the soft coal 
industry, and “hot oil’; . the increased 
powers of the T.V.A. and A.A.A., all tend 
to centralize authority in Washington over 
industrial practices and procedure. 

The legislation dealing with labor, espe- 
cially that trending to establish the pro- 
cedure for collective bargaining by labor, 
as well as the ‘“‘social security’’ system of 
old age pensions and unemployment reserves 
bring new problems to engineers and to 
industries employing engineers, in 'so far as 
thecentralization of regulatorycentralization 
in Washington tendsto openchannels for con- 
structive study of industrial practices and 
procedures. There will be many opportuni- 
ties within industry for men trained in 
engineering to apply the engineering method 
of analysis. 

Probably in the next 10 years, many 
new fields of opportunity for engineers will 
be opened, not in the government, but in 
private industry, because of the need of 
more intensive analysis of manufacturing 
costs, of relation of machinery to reduction 
of labor costs, and of manufacturing meth- 
ods. Undoubtedly also, there will be an 
increase in the use of power per man. 


eners to the Editor 


CONTRIBUTIONS to these columns are invited 
from Institute members and subscribers. They 
should be concise and may deal with technical 
papers, articles published in previous issues, or other 
subjects of some general interest and professional im- 
portance. ELECTRICAL ENGINEERING will endeavor 
to publish as many letters as possible, but of 
necessity reserves the right to publish them in 
whole or in part, or to reject them entirely. 


ALL letters submitted for consideration should be 
the original typewritten copy, double spaced. Any 
illustrations submitted should be in duplicate, 
one copy te be an inked drawing but without 
lettering, and other to be lettered. Captions 
should be furnished for all illustrations. 


STATEMENTS in these letters are expressly under- 
stood to be made by the writers; publication here 
in no wise constitutes endorsement or recognition 
by the American Institute of Electrical Engineers. 


Copper and Aluminum Cable 
Fusing Time-Current Formulas 


To the Editor: 


The following formulas for calculating 
the time-current fusing characteristics of 
copper and aluminum cables for short time 
intervals are based upon several general 
assumptions but have been found to be 


sufficiently accurate for most purposes. 

The assumption of constant current is 
most convenient and while most conditions 
in practice will involve some variation in the 
amount of current these cases may usually 
be referred to the constant current data. 
The time required to bring the conductor 
to the melting point is divided into the time 
required to raise the temperature to the 
melting point and the time required to store 
the heat of fusion. 

The time required to reach the fusing 
temperature is: 


Neglecting losses 


hy + to) logio~ 3 f 
51 = 2.3 Tire oor ° (seconds) (1) 
Including losses 
aed wa nes 
ptt _, 
y + bo 
¢ = =) (7 roH(y + tf) -1) 
logio to — ta (y + 4)(t — ta) 
iE rol AL 
to — ba 


(seconds) (2) 
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The time required to store the heat of 
fusion is: 


Neglecting losses 
tee hy 
3 = Pr, LY (seconds) (3) 
yt te 
Including losses 
hyH 
S2 


= » _roll(y + 4) 
(y-4)(7 Gee?) 
(seconds) (4) 


The total time required to reach the 
molten state is the sum of s; and sz. 


SYMBOLS 
Ti current in amperes 

ro initial conductor resistance in ohms per foot 
to initial conductor temperature in degrees 
centigrade 

ta = ambient temperature of surrounding medium 
in degrees centigrade 

4 = fusion temperature of conductor metal in 
degrees centigrade 


fou a 


Table | 
Copper Aluminum 

Constants 

ty, fusion temp., deg. C 1080 655 

y, temp. constant 234 228 
Electrical conductivity, % 100 61 
Thermal conductivity, % 

(silver) 89 48 


500 MCM Copper; 500 MCM Aluminum 
Current carrying capacity, 


A 100 61 

h, specific heat, w-s/ft/°C 308 187 

fy, latent heat of fusion, 

w-s/ft 221 X 10% 118 X 103 
H, thermal res., 600 volt 

cable 0.952 0.952 
s’ (10,000 amp) 75.6 24.5 

s (10,000 amp) 82.0 25.0 


500 MCM Copper; 820 MCM Aluminum 
Current carrying capacity, 


% 100 100 

h, specific heat, w-s/ft/°C 308 306 

fy, latent heat of fusion, 

w-s/ft 221 X 103 194 X 103 
H, thermal res., 600 volt 

cable 0.952 0.829 
s’ (10,000 amp) 75.6 65.8 

s (10,000 amp) 82.0 72.0 
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h = specific heat of conductor in watt-seconds 
per foot of cable per degree centigrade 

200 times pounds per foot for copper 

418 times pounds per foot for aluminum 


hy = heat of fusion of conductor in watt-seconds 
per foot of cable 
= 1.44 X 105 times pounds per foot for copper 
= 2.63 X 105 times pounds per foot for alumi- 
num 
H = thermal resistivity of cable insulation and 


covering in degrees centigrade per watt per foot of 


cable 
y = constant for conductor metal determined by 


temperature resistance coefficient 
The curves in figures 1 and 2 were calcu- 
lated for 600 volt cable using the thermal 
resistivity given in the table assuming that 
the cable covering was maintained at the 
ambient temperature. These values check 
quite closely with some of the published test 
values. 
Very truly yours, 
H. J. Reeves (A’30) 
Paul & Reeves, 


West 1030 First Ave., 
Spokane, Wash. 


Titles 
of Engineers 


To the Editor: 


The article on ‘Structure of the Electrical 
Engineering Profession’? by Theodore J. 
Hoover in ELECTRICAL ENGINEERING, July 
1935, pages 695-9, outlines a problem that 
may well be an early one for the Engineers’ 
Council for Professional Development to 
consider. That is, the determination of 
approved professional titles and making 
these titles a part of the proposed profes- 
sional certification. However, it would 
seem that the list of professional titles 
should be short and carefully selected rather 
than permitting the compounding of titles 
of numerous descriptive adjectives. As 
admitted by Dean Hoover the use of com- 
pound titles would result in several thousand 
combinations and, to my mind, be almost as 
confusing as the present situation. 

At one time it was sufficient to classify an 
engineer as an “electrical engineer’? or a 
“civil engineer,’ etc. This is admittedly 
not adequate now, but for example, the 
title of ‘‘communication engineer’? might 
be suitable although the individual’s interest 
may be in any one of several branches such 
as acoustical, communications, sound, tele- 
graph, telephone, or telephone equipment. 
The distinction between professional titles 
and present position titles further avoids 
the necessity of compound detail profes- 
sional titles. The present position title 
often includes the engineering function or 
identifies the limited field of the individual’s 
interest. This is usually a specific title 
established by the engineer, his firm, or the 
institution with which he is connected, and 
gives sufficient latitude for designation of 
restricted activity or individuality. 

Any step leading to the establishment of 
recognized professional titles and a distinc- 
tion between professional titles and position 
titles deserves the support of the entire 
engineering profession. 


Very truly yours, 


FLoyp B. KNISKERN (A’19, 
M’27) 
Engr., Circuit Breaker Di- 
vision, Westinghouse Elec. 
and Mfg. Co., E. Pitts- 
burgh, Pa, 


Complex Hyperbolic Functions 
and Their Inverse 


To the Editor: 


The hyperbolic functions of complex 
variables, sinh (X + 70), cosh (X + 76), 
and tanh (X + 70), present themselves 
prominently in numerous problems per- 
taining to long distance transmission of 
electrical energy, filter networks, attenua- 
tion equalizers used in communication 
systems, and generally in the solution of re- 
current circuits both balanced and un- 
balanced. 

In the excellent Kennelly tables of com- 
plex hyperbolic functions (“Tables of 
Complex Hyperbolic and Circular Fune- 
tions,’ by A. E. Kennelly, Harvard Uni- 
versity Press, 1914) the real member X 
of the complex variable is in steps of 0.05 
and the 7 or quadrature member g is in 
steps of 0.05 of a quadrant, that is, in steps 
of 4.5 degrees for 0. A single interpolation 
is necessary if either the real member X 
or the quadrature member 6 (i. e., q) is not 
included in the table, and a dual interpola- 
tion is needed to obtain the vector value of 
the desired function when the 2 members 
X and @ are not included. Thus the vector 
value of sinh (1.25 + 727 degrees), for ex- 
ample, may be obtained directly by using 
the proper table, either in the complex form 
(U +7V) or in the polarformr <y. A dual 
interpolation, however, is necessary to ob- 
tain the vector value of sinh (1.23 + j29 
degrees) for example, because the complex 
quantity (1.23 + 729 degrees) is not 
included in the tables. 

The well-known formulas 


sinh (X + 70) = 

sinh? X + sin Ztan~! (tan 0/tanh X) (1) 
cosh (X + j@) = 

4/sinh? X + sin? Ztan~(tan 6 - tanh X) (2) 
and 

sinh (X + 7) 


tanh(X, + j0) = ESRI Oe ESat) (3) 


afford a rapid and convenient scheme of 
evaluating either one of these functions by 
considering the numerical value of equation 
1 as the hypothenuse of a right triangle 
whose sides are sinh X and sin 0, and the 
numerical value of the function cosh X, 
represented by the radical in equation 2 as 
the hypothenuse of a right triangle whose 
sides are sinh X and cos @. 

Applying, therefore, the trigonometric 
relations between the sides of a right tri- 
angle and the angle between the hypothe- 
nuse and either side, the numerical value of 
either sinh (X + 7@) or cosh (X + 70) may 
be obtained by only 2 divisions instead of 
taking the square root of the sum of 2 
squares. The angle associated with the 
numerical value of the function as a vector 
may be obtained by the single division 
(tan 0/tanh X) for the hyperbolic sine, 
and by the single multiplication (tanh X- 
tan @) for the hyperbolic cosine. The com- 
plete vector value of either one of the 2 
functions may therefore be obtained by 3 
divisions. This scheme of evaluating hyper- 
bolic functions of complex variables is the 
fundamental principle embodied in the 
Keuffel and Esser log log vector slide rule 
devised and described by the author in his 


ELECTRICAL ENGINEERING 


J 


| 


\ 


paper “‘Vector Calculating Devices” (see 
A.I.E.E. JOURNAL, volume 47, May 1928, 
pages 336-40). 

The use of the Kennelly tables for the de- 
termination of the complex variable from 


‘the known vector value of the hyperbolic 


sine, or of hyperbolic cosine or of the 
hyperbolic tangent of the complex variable, 
consists in scanning over the columns of the 
proper table to locate the known vector 
value of the function in terms of its numeri- 
cal value r and the angle y associated with 
it side by side in adjacent columns, if the 
known function is in the polar form 7 Zy; 
or its 2 components (U and VY) side by side 
in adjacent columns, if the known function 
is in terms of a complex number (U + jV). 

Thus to determine (X + 70), when sinh 
(X + 76) is equal to 1.665 730.99 degrees 
= 1.427 + 0.857, for example, we scan 
over the columns of the proper 7 Z7y table 
or the proper (U + 7V) table to locate the 
particular association of r = 1.665 with the 
angle y = 30.99 degrees side by side in 


-adjacent columns, or the particular associa- 


tion of U = 1.477 and V = 0.857 side by 
side in adjacent columns to determine 
(X + jq) = 1.25 + 70.3, that is (X +70) = 
1.25 + 727 degrees. 

Because of the comparatively large steps 
in the values of X and of 0, however, the 
particular vector value of the function is 
frequently not found in the tables. It is 
therefore usually necessary and frequently 
more convenient to determine the unknown 
complex variable (X + 70) from the known 
vector value of its hyperbolic function, 
either the sine, cosine, or the tangent 
(whichever happens to be known) by direct 
calculation. 


EVALUATION oF sinh~(U, + jV,) 


It may be shown by a graphical method, 
as Kennelly has done, or by means of the 
hyperbolic and trigonometric relations in- 
volved, that if 


sinh(X + 70) = AZa = U.+ jVs, 


where AZa = U, + jV, is known, the 
complex quantity (X + 76) may be deter- 
mined by 


Sign : 
VUF+A+ Vs)? — VUF+1 — Vs)? _ 
2 
M, + Ns (4) 
and 
Aha ; (5) 


cos 0 


where the subscript s to the quantities 
U, V, M, and N indicates that they pertain 
to a sine function. 

Since the radicals in equation 4 may be 
thought of as hypothenuses of right tri- 
angles whose sides are U, and (1 + V,) 
for one, and U, and (1 — V;) for the other, 
each may be calculated by only 2 divisions 
instead of by the square root of the sum of 
2squares. Thus 


SS eee U 
VUFFa+V) = 5 = M (6) 
where 

(7) 


p = tan ( Us ) 
1+ V; 
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and 
a ly 7a U, 
2 _ 2— s = 
/ U,? + (1 —V,) ae N, (8) 
where 
@ = tan7! G; =) (9) 


A slide rule having both trigonometric 
and hyperbolic scales such as the Keuffel 
and Esser log log vector rule may therefore 
be used conveniently and effectively to 
determine directly the value of @ by carry- 
ing out the divisions indicated in the last 
4 expressions, and the value of X by the 
division indicated in equation 5. 

To illustrate the above, let 
sinh (X + 70) = 0.662 268.15 degrees = 

0.246 + 70.613 


where 
U, = 0.246 and V, = 0.613 


By equations 6 and 7 there results M, = 
1.63; by equations 8 and 9 there results 
N, = 0.46; whence by equation 4 there 
results 0 = 35.8 degrees, and by equation 5, 
aa) 3e 


EVALUATION OF cosh7(U, + 7V.) = 
(X + 76) 


It may be shown ina manner similar to that 
for the evaluation of sinh~!(U,+ 7V,) that for 
cosh(X + j#)= 48 =(U. + jV-) 
where BZ6 = U, + jV,. = is known, the 
complex quantity (X + 76) may be deter- 
mined by 


cos 6 = 
VEE Ua) Bie Ve che) 
2 
M,—N. 
=== (10) 
and 
; Ve 
sinh X ae (11) 


From the similarity of expressions 10 
and 11 to expressions 4 and 5, respectively, 
it may readily be seen that the same scheme 
of calculation may be used to determine the 
complex quantity (X + 70) when the vector 
value of cosh (X + 7@) is known as when 
the hyperbolic sine is known. . Thus for 


cosh (X + 79) = 1.2 225.75 degrees = 
1.081 + 70.522, 

where U, = 1.081 and V, = 0.522, there 
results M, = 2.15, and 0.527. 
Whence by equation 10 there results @ = 
36 degrees and by equation 11, X = 0.802 


T = 
Ne = 


EVALUATION oF tanh!(U + jV) = 
(X + j0) 


The complex quantity X + j@ may be 
determined from the components U and V 
of the vector value of its hyperbolic tan- 
gent by the following formula obtained by 
graphical construction and given on page 
171 of Kennelly’s tables 


2 ae aL AGM we ON ica wells 
X+j0= 7 oe) ee 


180 degrees — tan [(U + v/v} 
| oe ea 


2 


The values of X and @ respectively may, 


j 


however, be calculated by the following 
simpler and more convenient formulas ob- 
tained from the hyperbolic and trigono- 
metric relations involved 


PHOS 
tanh Dike = ie (12) 
and 
2V 
tan 5 —>p (13) 


In these formulas the quantity D is 
magnitude of the vector value of the hyper- 
bolic tangent of (X + 70), U is the real 
component of D, and V the j or quadrature 
component, as indicated by the following 
relation 


tanh (X + 76) = DZ5 =(U+4+j7”V) 
To illustrate the above, let 
tanh (X + 70) = 0.876 224.07 degrees = 
0.8 + 70.357 
in which D = 06.876, U = 0.8, and V = 
0.357. 
By equation 18, there results 
2 X 0.8_ 
1 + 0.767 


(14) 


tanh 2 x= = 0.906 


whence 
2Xe =e led) and exer—s OE 
By equation 13 there results 


2 X 0.357 


ey we 


tanga 


whence 


20 = 71.9 degrees and 0 = 35.95 degrees 


The calculations were made by means of 
the Keuffel and Esser log log vector slide 
rule which has both trigonometric and 
hyperbolic scales. 


Very truly yours, 


M. P. WerInBAcH (A’22, M’31) 
Professor of Elec. Engg., 
University of Missouri, Columbia 


Registration 
of Engineers 


To the Editor: 


The paper entitled “Registration of 
Engineers” by D. B. Steinman in the August 
1935 issue of ELECTRICAL ENGINEERING, 
pages 876-81, represents the point of view 
which is causing the continual extension of 
the field of government to the regulation 
of every conceivable activity of mankind. 
No one regulatory activity of this kind can 
be said to be unbearably oppressive, but in 
the aggregate the bureaucratic organization 
thus created is becoming an intolerable 
burden on this country. 

The statement that the registration 
boards are made up of engineers of high 
standing may be true at the present time, 
but how long the boards will remain so con- 
stituted under the constant pressure of 
political influence is another matter. The 
writer doubts very much whether engineers 
with creative ability will care to serve for 
any length of time on such boards. Only 
engineers who have such ability coupled 
with the rare quality of good common 
sense should be allowed to sit in judgment 
on the fellow members of their profession. 

The enhancement of the standing of the 
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profession by legal restriction may be ques- 
tioned in view of the fact that such restric- 
tion has long been established for stationary 
engineers, marine engineers and other me- 
chanical trades, while the greatest living 
American electrical engineer chooses to be 
called by the unregistered and unlicensed 
title of “‘professor.’”’ The only respect to 
which the engineering profession is entitled 
is that which it gains through the creative 
work of its members. It is in this direction 
that the efforts of the profession may most 
profitably be directed. 

The reason for the registration of the 
medical and legal professions is that their 
clientele is almost entirely composed of those 
who have no other means of protection 
against the quacks and the incompetent. 
The services of the engineer are given almost 
exclusively to those who are quite as com- 
petent to evaluate them as are any of the 
legally constituted boards. 

The insistence that engineering is one 
profession and that all members should be 
subject to the same requirements, coupled 
with the requirement of a written examina- 
tion, indicate that the examination must 
be so general in character that it could be 
passed more easily by a recent graduate 
than by an engineer with many years’ ex- 
perience in specialized work. It would ap- 
pear that in an effort to fit the profession 
into a Procrustean bed, many useful mem- 
bers might be lopped off. 

The above are the personal opinions of the 
undersigned, and were written without con- 
sultation with members of any organiza- 
tion with which he is connected. 

Very truly yours, 
H. T. Faus (A’24, M’34) 


61 Nahant St., 
Lynn, Mass. 


Armature Reactions in Unloaded 
Single Phase Generators 


To the Editor: 


This interesting study on Ferraris’ theory 
applied to a study of armature reactions in 
unloaded single-phase synchronous genera- 
tors, was prompted by the query of a junior 
electrical engineering student and it was 
this: Why not excite the field of a single- 
phase generator by alternating current and 
at synchronous speed take direct current 
from any 2 collector rings? We tried it 
and it did not work, but we also tried some 
other things which are explained in this 
letter. 

Ferraris’ theory states that a single- 
phase a-c field C or flux, N-S, figure 1(a), 
pulsating in time, can be resolved into 2 
rotating fields A and B. Each is of con- 
stant magnitude and is equal to 1/, the 
maximum value of the pulsating field C. 
Field A rotates clockwise at synchronous 
speed with respect to C and is called the 
forward gliding component (f.g.c.) of C. 
Field B rotates counterclockwise at syn- 
chronous speed with respect to C and is 
called the backward gliding component 
(b.g.c.) of C. Evidently A = B. 

Tke object of this communication is to 
present a physical concept of single-phase 
armature reactions, or flux, from Ferraris’ 
viewpoint. It has been the writer’s ex- 
perience that single-phase reactions have 
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been a stumbling block to many students 
from any physical viewpoint. 

Studies were made on 2 machines, number 
1 and number 2. Generator number 1 is a 
4 pole synchronous converter (a revolving 
armature generator). Generator number 2 
is a 4 pole revolving field generator. 

Each generator was directly connected 
to a shunt motor whose speed could be 
varied. In this paper both generators are 
assumed to have but 2 poles; this makes the 
synchronous speed x = f the applied fre- 
quency. Each armature is assumed to have 
but one coil, rs, figures 1 and 2. 

Instead of impressing single-phase cur- 
rent across the armature of number 1, or 
across the stator of number 2, exactly the 
same flux effect was produced by im- 
pressing 250-volt 25-cycle single-phase al- 
ternating current across the d-c field of 
number 1, or across the d-c rotor of number 2. 

The first half of the paper discusses 
instantaneous electromotive forces (e) for 
generator number 1 at zero speed, for differ- 
ent armature positions. The discussion is 
unchanged for generator number 2 and is 
therefore omitted. The symbols and ab- 
breviations used are as follows: 


SYMBOLS AND ABBREVIATIONS 


(3 = pulsating field or flux, in space phase with 
field pole axis N-S 

A = clockwise or forward gliding (or rotating) 
component of C 

B = counterclockwise or backward gliding com- 
ponent of C 

ers = instantaneous electromotive force (in 
armature coil in position rs 

ér/ss = instantaneous electromotive force in 
armature coil in position 7’s’ 

E = effective electromotive force 

Em = maximum cyclic electromotive force 

n = synchronous speed in revolutions per second 


= speed of rotating member in revolutions 
per second 


if = applied frequency 

a = proportional to 

If = field current 

t = time in seconds 

f.g.c. = forward gliding component of field C 
b.g.c. = backward gliding component of field C 


(a). Av INSTANT a, FicuRE 1(d) 


In this case, 25 cycle field current J, 
produces field C; C pulsates back and forth 
along field axis 25 times a second (m = 25), 
no matter what speed n’ may be. C 
also pulsates along horizontal axis in space 
25 times a second, no matter what n’ 
may be, because the field is always at rest. 
Pulsating flux C = + maximum at instant 
a, figure 1(b); + flux is assumed to be from 
left toward right in figure l(a). Field 
current J; is also + maximum and is in 
time phase with C (this neglects hysteretic 
lag); “Dhe 2 rotating fluxes A and B are 
in space phase with C at instant a and 
A = =p) = 1/.C, 

First. Assume armature coil to be in 
position rs. Conductor r is cut clockwise 


FIELD C 


EMF IN 
COIL r’s' 


‘(a) (b) 


by A, this induces an instantaneous electro- 
motive force into the paper; conductor r | 
is cut counterclockwise by B, this induces — 
an instantaneous electromotive force out 
of the paper; total instantaneous electro- 
motive force in conductor 7 is 0; similarly 
total instantaneous electromotive force in 
conductor s is 0. Therefore total instan- 
taneous electromotive force in coil rs 
(re) = 0. 

Second. By hand, move armature coil 
clockwise into position r’s’. Conductors 
r’ and s’ are cutting O flux since A and B 
are in horizontal position, at instant a. 
Therefore, total instantaneous  electro- 
motive force in coil r’s’, i. e., es = 0. 


(bo). Ar INSTANT b, FicuRE 1(0) 


Third. By hand, move armature coil 
back into position rs. Conductors r and s 
are cutting zero flux because A and B are in 
vertical position. Therefore total instan- 
taneous electromotive force in coil rs, 
hes Ga = W, 

Fourth. By hand, move armature coil 
clockwise into position r’s’. Conductor r” 
is cut clockwise by arrow heads of A, 
this induces an instantaneous electromotive 
force into the paper and at instant 3, it has: 
a maximum value; conductor r’ is cut 
counterclockwise by arrow tails of B,. 
this induces an instantaneous electromotive 
force into the paper, it has a maximum value. 
Therefore total instantaneous electromotive: 
force in conductor r’, i. e., e,/ = sum of 


these 2 electromotive forces, and e,7 = 


maximum value; similarly e,” = maximum: 
value. Therefore, total instantaneous elec- 
tromotive force in coil ,./, i. e., €%% = 
+ maximum at instant b (= E,’,). 


CONCLUSION 


1. Instantaneous electromotive force in coil rs,, 
i.e., ¢rs = 0, at instant a. Instantaneous electro- 
motive force in armature coil = 0 in any position. 
of armature at instant a. Instantaneous electro- 
motive force in coils rs, i. e., ers = 0, at instant b. 
Instantaneous electromotive force in coil r’s’, 
i, e., ¢78'= + maximum at instant b, or instan- 
taneous electromotive force in armature due to field’ 
C = 90 degrees behind C in time, figure 1(b). 
2. From the viewpoint of transformer action, 
(a) and (b) above may be stated thus: 

(a). With armature coil in position rs the primary 

and secondary axes are at right angles and ers = 0» 

atalltimes; Eess. = 0 at all times. 

(6). With coil in position ;’s/ the primary and 

secondary axes coincide and e +/s/ = Em at instant 

b: Ey’s'esf. = maximum at all times. 


The second half of this paper deals only 
Hg effective values of electromotive force- 

1B), 

The observations used to substantiate the 
theory were obtained by connecting in 
parallel, to any 2 collector rings of generator- 
number 1 or to any 2 terminals of generator 
number 2: (a) a 0-0.25, O-center d-c volt- 
meter; (b) an a-c voltmeter of suitable- 
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range; and (c) an oscilloscope. In this 
manner single-phase observations were 
made on 2 polyphase generators. 

_ Each generator was studied when: (a) 
-Yotor speed n’ = 0; (b) n’ = n; (JO < 
n' <n; (d) n’ = 2n; and (e)n <n! < Qn. 


GENERATOR NUMBER 1 WITH 
REVOLVING ARMATURE, FIGURE 1 


Case (a), n’ = 0. Armature is at rest. 
See conclusion 2 above. 

Observations: (1) armature coil in hori- 
zontal position rs, 


_ (a). Ea-c = 0; needle does not vibrate. 
[Dye Bg-¢ = 0; 
(c). Oscilloscope shows nothing. 

Observations: (2). 

vertical position r’s’. 
(a). Ea-c = 0; needle vibrates 25 times a second. 
(6). Ea-c = 3 volts a(A + B)n a(A + B)25. 
See (b) ‘‘fourth,’”’ above. 


(c). Oscilloscope showed 25 cycle stationary wave; 
length of 1 cycle = 4 inches. 


Armature coil in 


Observations: (8). Armature coil moved 
by hand from position rs to r’s’ back to rs. 
(a). Ed-c reads to left of zero, then toright of zero 
(due to higher rate of cutting by B than by A and 
vice versa). Its magnitude and rapidity of re- 
versal vary with the speed by which the coil is moved 
back and forth. 

(b). .Ea-c reads 0 to 3 back to 0 volts (from zero 
transformer action, to maximum, back to zero). 
Time required to move pointer from 0 to 3 = 
time required to move coil from position rs to posi- 
tion r’s’. 

(c). Oscilloscope shows nothing, then a 25 cycle 
-stationary wave, then nothing. Time required to 
change from nothing to stationary wave = time 
required to move coil from position rs to position 
HS 

Case (6), n’ = n. Armature is driven 
clockwise at synchronous speed. 

E, (due to f.g.c. A) a(n —n') A = 0. 
Therefore Ez. = 0; see “third” tinal 
conclusion. 

E, (due to b.g.c. B) a (n+ n')B a B 
x 50. F.g.c. A is at rest with respect to ar- 
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mature; b.g.c. B passes surface of armature 
at speed n + n’. 

Observations: 
(a). Ea-c = 0; needle vibrates 50 times a second 
(due to speed 2 + m’ of b.g.c. B). 
(b). Ea-c (= 3 volts), a B X 50, but B X 50 = 
(A + B) 25; see observation 2(b) above. : 
(c). Oscilloscope shows a 50 cycle stationary 
wave; length of 1 cycle = 2 inches. 


Case(c),n'’ <n 

Observations: 
(a). Ea-c; needle goes to right and to left of zero 
and more slowly as n’ approaches 7. This is due to 
the decreasing relative speed of field A and coil rs. 
Needle vibrates (n + ”’) or < 50 times per second. 
(b). Ea-c = 3-4 volts; Ea-c is made up of Kia A 
X (n—n’) and Ex a BX (a + n’) and Eag-c = 


VE? + Ex?. (See “Principles of Alternating 
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Currents,” first edition, page 84, McGraw-Hill 
Book Co.) 


(c). Oscilloscope shows a moving wave of con- 
stantly changing amplitude and frequency as ’ 
varies from 0 to ” and as frequency varies from 25 
to 50; 1 cycle of wavelength changes from 4 inches 
(n’ = 0) to 2 inches (n’ = n), 


Case (d), n’ = 2n. Armature is driven 
clockwise at 2 times synchronous speed. 

E, due to f.g.c.A a(n’ — n)A a25 X A; 
f = 50 — 25 = 25 cycles. 

E, due to b.g.c. B a(n’ + 2)Ba75 X B; 
f = 50 + 25 = 75 cycles. 

Observations: 
(a). Ea—e = 9; needle vibrates 75 times per second 
due to B and pulsates 3 times per second due to the 
75 cycle field B being superimposed on the 25 
cycle field A. 
(0). Ea-e = about 6 volts; E = V Ey? + E2?. 
(c). Oscilloscope shows a 75 cycle stationary 
wave; length of l cycle = 4/3 inch (= 4inches X 
25/75); this wave is superimposed on a 25 cycle 
wave; if oscilloscope is synchronized for 25 cycles, 
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than at x’ =Zn the 75 cycle wave is stationary, as 
well as the 25 cycle wave, and it is superimposed 
on the 25 cycle wave; see case (d), observation 


(a). 


Case (6) ie on enone 
Observations: 


(a). Ea-e = 0; needle moves back and forth 
slowly on either side of zero as ’ increases from 7. 
This is due to the relative spzed of field A and coil 
ys. Needle vibrates (» + ’) times a second due to 
speed of bg.c. B relative to coil rs; and (n’—n) 
times a second due to speed of f.g.c. A. 


(ob). Ea-e = 3-6 volts. Compare with observa- 
tion (b) case (d). 
(c). Oscilloscope, when n’ = 49, shows a 74 cycle 


wave (49 + 25) due to b.g.c. B superimposed on a 
24 cycle wave 49-25) due to f.g.c. A. Since oscillo- 
scope is synchronized for 25 cycles, the resultant 
74 cycle wave moves 1 cycle per second, of 25 
cycle wave length, to left and moves up and down, 
because its axis is the 24 cycle wave which is not in 
synchronism with the oscilloscope. 


General Observations: 


First. Oscilloscope shows stationary wave at n’ = 
0, n’ = 121/2, n’ = 25, and ’ = 50 and length of 
1 cycle is 4 inches, 3 inches, 2 inches, and.4/3 inch, 
respectively. 

Second. When ~’ increases, wave moves forward; 
when 2’ decreases, wave moves backward and in 
each case these waves become stationary at the 
frequencies stated in the first general observation. 


GENERATOR NUMBER 2 WITH 
REVOLVING FIELD, FIGURE 2 


Case (a), n’ = 0. (See Figure 2). 

In this case, 25 cycle field current, J; 
produces field C; C pulsates back and forth 
along field axis 25 times a second, no matter 
what speed ’ may be; C pulsates along 
horizontal axis in space 25 times a second, 
only when 7’ = 0; see [(a) at instant a]. 

Number 2 generator is identical through- 
out cases (b), (c), (d), and (e), with numbe 


1 generator except where E,-, = 3 volts 
for number 1, E,-, = 16.5 volts for number 
2. This is due to the fact that C is larger in 
generator number 2 and so are A and B. 


FinAL CONCLUSIONS 


First. In number 1 generator, figure 1. 


(a). Field C pulsates along field axis, no matter 
what ”’ may be. 

(3). Field C pulsates along horizontal axis in 
space no matter what 2’ may be. 

(c). F.g.c. A glides clockwise past field at speed 
n, no matter what 2’ may be. 

(d). F.g.c. A glides clockwise in space at speed n, 
no matter what 2’ may be. 

(ce). B.g.c. B glides counterclockwise past field at 
speed 2, no matter what 2’ may be. 

(f). B.g.c. B glides counterclockwise in space at 
speed m, no matter what 7’ may be. 


Second. In number 2 generator, figure 2. 


(a). Field C pulsates along field axis, no matter 
what 2’ may be. 

(b), Field C pulsates along horizontal axis in 
space only when »’ = 0. 

(c). F.g.c. A glides clockwise past field at speed n, 
no matter what 2’ may be. 

(d). F.g.c.A is at rest in space, when n’ = n. 

(e). B.g.c. B glides counterclockwise past field at 
speed m, no matter what 7’ may be. 

(f). B.g.c. B glides counterclockwise in space at 
speed 2u(=n + ), when n’ = n. 


If A is at rest in space at 2’ = n see (d) 
above and B glides counterclockwise in 
space at speed 27 see (f) above the resultant 
of a stationary vector A + a rotating vector 
B gives a resultant C in space shown in 
figure 3. 

The resultant C follows, in a counter- 
clockwise direction, the locus of a circle and 
at 2’ = m assumes successively the values 
OC, OG, OG, OC;; OCs, OCs, (OG, back to 
OC, 50 times each second in space, but only 
25 times a second with respect to the rotor. 

In number 1 generator, resultant C pul- 
sates back and forth along a horizontal 
axis in space, 25 times a second. This is 
the big difference between the armature 
reactions in the 2 unloaded generators. 

They both pulsate, back and forth along 
their respective field axes, 25 times a second. 

Third. About obtaining direct current 
or when f = 0: only when n’ = n is 
frequency of A = 0 (f=n-—n’), but 
then f.g.c. A has zero rate of cutting and 


therefore Ey.. = 0; see generator number 
1), case (6)? = x. 
Fourth. It can easily be shown that if 


the generator has 3 windings 120 degrees 
apart, the 3 f.g.c. fields A coincide, produc- 
ing 3 times the magnitude of field A, dis- 
cussed in this paper, and the 3 b.g.c. fields 
B cancel each other and do not exist in the 
fundamental wave. This is a frequently 
used method of studying armature reactions 
in 3-phase generators. 

Fifth. This same Ferraris’ theory could 
be used in a similar manner in studying 
single-phase synchronous motors. 

Sixth. Ferraris’ theory is often used as 
an easy though somewhat unsatisfactory 
method of studying single-phase induction 
motors. 

Seventh. This study of armature reactions 
could have been made using transformer (or 
pulsational) electromotive forces and rota- 
tional electromotive forces. Such a method 
is to be preferred in studying what takes 
place in single-phase induction motors. 


Very truly yours, 


J. L. BEAVER (A’14, F’26) 


Professor of Elec. Engg., 
Lehigh University, Bethlehem, Pa. 
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Seal | lieuns 


E. B. Meyer (A’05, F’27, and president) 
chief engineer, Public Service Electric and 
Gas Company, Newark, N. J., has been 
appointed chairman of the Institute’s ex- 
ecutive committee for the year 1935-36. 
Mr. Meyer, who was born at Newark in 
1882, isa graduate of Pratt Institute, Brook- 
lyn, N. Y., completing the electrical engi- 
neering course in 1903. In that year he 
entered the employ of the Public Service 
Corporation of New Jersey as engineering 
assistant, and was promoted through suc- 
cessive positions to become assistant chief 
engineer in 1919. Three years later he was 
appointed chief engineer of the Public 
Service Production Company at its forma- 
tion, and in 1929 was made a vice president. 
With the merger the following year of this 
company and United Engineers and Con- 
structors, Inc., Mr. Meyer was appointed 
a vice president of the latter in the capacity 
of executive and engineering head of the 
Newark office. Recently he was appointed 
chief engineer of the Public Service Electric 
and Gas Company. Mr. Meyer has served 
on many Institute committees in the past, 
and was a director 1928-31, and a vice 
president 1932-34. He is now a member of 
the Edison medal committee, and is In- 
stitute representative on the American En- 
gineering Council and the Charles A. Coffin 
fellowship and research fund committee. 
Other societies of which he is a member 
include The American Society of Mechanical 
Engineers, the New York Electrical Society, 
Inc., and the American Transit Association. 
Mr. Meyer is the author of a number of 
technical articles, and the book ‘‘Under- 
ground Transmission and Distribution.” 


J. B. WuirenHeap (A’00, F’12, Life Mem- 
ber, and junior past-president) dean of the 
school of engineering, The Johns Hopkins 
University, Baltimore, Md., has been ap- 
pointed chairman of the committee on In- 
stitute policy for the year 1935-36. Doctor 
Whitehead, who was born at Norfolk, Va., 
August 18, 1872, studied at The Johns 
Hopkins University, from which he received 
the degrees of electrical engineer (1893), 
bachelor of arts (1898), and doctor of philoso- 
phy (1902). He first was employed by the 
Westinghouse Electric and Manufacturing 
Company, and for a short time was with the 
Niagara Falls Power Company and the 
Pittsburgh Reduction Company. In 1898 
he returned to the university as an instruc- 
tor in electrical engineering, and became as- 
sociate professor of applied electricity in 
1905. He became professor in 1919, and 
since 1925 has been dean. In addition to 
teaching he has carried on a large consult- 
ing practice. He is well known for his work 
on high voltage insulation, and has presented 
a number of papers on this subject before 
the Institute. Doctor Whitehead has been 
active in the work of the Institute, and was 
a manager 1924—28 and president 1933-34. 
In addition to his present appointment as 
committee chairman he is a member of the 
executive, electrophysics, and Edison medal 
committees, and is a representative on the 
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John Fritz medal board of award, and on the 
division of engineering and industrial re- 
search of the National Research Council. 
Among other committees on which he has 
served are electrochemistry and electro- 
metallurgy, of which he was a member 
1924-33, and research, of which he was a 
member 1920-33, and chairman 1922-27. 


W. R. Smitru (M’18, F’30) transmission 
construction engineer, Public Service Elec- 
tric and Gas Company, Newark, N. J., has 
been appointed chairman of the Institute’s 
committees on technical program and award 
of Institute prizes for the year 1935-36. 
Mr. Smith was born at Charleston, S. C, 
in 1885 and was graduated from Clemson 
Agricultural and Mechanical College in 1906 
with the degree of bachelor of science in 
electrical and mechanical engineering. He 
remained at the college for a year as secre- 
tary and engineering assistant to the depart- 
ment head before entering the apprentice 
course of the Westinghouse Electric and 
Manufacturing Company, and from 1908 to 
1913 was with the Hartford Suspension Com- 
pany at Jersey City, N. J. In 1914 he 
engaged in construction work with the 
Public Service Electric Company at Newark, 
and was made field engineer in 1917. When 
the Public Service Construction Company 
was formed in 1922 he was made superin- 
tendent of the electrical construction depart- 
ment, becoming managing electrical engi- 
neer in charge of the electrical engineering 
department 2 years later. From 1927 until 
recently he was assistant chief engineer of 
United Engineers and Constructors, Inc., 
Newark. Mr. Smith has been a member of 
the Institute’s board of examiners since 
1930, and has served as chairman since 1934. 
He is also serving on the committees on 
publication and co-ordination of Institute 
activities. Mr. Smith is a member also of 
the Illuminating Engineering Society and 
the Edison Electric Institute. 


O. W. Esupacu (A’17, M’30) special 
assistant, personnel department, American 
Telephone and Telegraph Company, New 
York, N. Y., has been appointed chairman 
of the Institute’s committees on education 


E. B. MEYER 


‘ lieutenant in the Signal Corps. 


J. B. WHITEHEAD 


and Student Branches for the year 1935-36. 
Mr. Eshbach was born at Pennsburg, Pa., 
April 13, 1893. He is a graduate of Lehigh 
University, from which he received the de- 
grees of electrical engineer (1915) and master 
of science (1920). During the year 1916-17 
he was an instructor in electrical engineer- 
ing at the university, then entered the U.S. 
Army, subsequently being commissioned a 
In 1919 he 
returned to the university as an instructor, 
and the following year was made assistant 
professor. In 1923 he was made assistant 
engineer with the Bell Telephone Company 
of Pennsylvania, his work being associated 
with the employment and training of engi- 
neering graduates. He accepted his present 
position in 1925, his duties involving educa- 
tional and employment work, and is non- 
resident instructor in electrical engineering 
at Massachusetts Institute of Technology 
and instructor in the graduate night school 
at Brooklyn Polytechnic Institute. Mr. 
Eshbach has been a member of the Insti- 
tute’s committee on education since 1931, 
and is now a member of the committees on 
technical program, publication, and Sec- 
tions. He is a member of the Society for the 
Promotion of Engineering Education and 
other organizations, and in 1932 was direc- 
tor of the survey of adult technical educa- 
tion in the New York industrial area, on 
which subject he presented a paper before 
the Institute. 


A. M. MacCurcueon (A’12, F’26, and 
past director) engineering vice president, 
The Reliance Electric and Engineering Com- 
pany, Cleveland, Ohio, has been appointed 
chairman of the Institute’s committee on 
the Lamme medal for the year 1935-386. 
Mr. MacCutcheon was born at Stockport, 
N. Y., December 31, 1881, and taught 
mathematics and science in high schools for 
3 years following his graduation from Albany 
State Normal School in 1901. He then en- 
tered Columbia University, completing the 
electrical engineering course in 1908. From 
1909 to 1914 he was employed by the 
Crocker-Wheeler Company at Ampere, N. J., 
where he was successively in charge of engi- 
neering estimates, all estimates and pro- 
posals, and the drafting room. In 1914 he 
took charge of all new design work for The 
Reliance Electric and Engineering Com- 
pany, and was appointed chief engineer in 
1917. From 1917 to 1919 he served in the 
U.S. Navy, becoming lieutenant in charge 
of fire control on the U. S. S. Louisiana. A 


A. M. MAC CUTCHEON 


ELECTRICAL ENGINEERING 


W. R. SMITH 


year after his return to civil life he was 
elected a director of the company, and in 
1923 was appointed vice president in charge 
of engineering. Mr. MacCutcheon has pre- 
pared many technical papers, and is recog- 
nized as an authority on motor applications 
for steel mill auxiliaries. He is also a mem- 
ber of the Institute’s standards committee, 
on which he has served since 1922, and of 
which he was chairman 1931-34, and is 
Institute representative on both the elec- 
trical sta::dards committee and the council 
of the American Standards Association. Mr. 
MacCutcheon has served on a number of 
other committees, including general power 
applications, of which he was chairman 
1925-28, electrical machinery, applications 
to iron and steel production and meetings 
and papers (now technical program), and 
was representative on the U.S. national 
committee of the International Electrotech- 
nical Commission 1931-35. He has also 
been active in the Association of Iron and 
Steel Electrical Engineers and other organi- 
zations of which he is a member. 


R. N. Conwe yi (A’15, F’31) transmis- 
sion and substation engineer, Public Service 
Electric and Gas Company, Newark, N. J., 
has been appointed chairman of the Insti- 
tute’s committee on constitution and by- 
laws for the year 1935-36. Mr. Conwell, 
who was born at Anderson, Ind., February 
10, 1885, is a graduate of Purdue University 
and George Washington University. In 
1911, following a year as engineer in charge 
of acceptance tests for the sewer department 
of Washington, D. C., he was employed as 
a cadet engineer by the Public Service Elec- 
tric Company at Newark, later becoming 
laboratory assistant and chief of the mate- 
rials division of the testing laboratory. He 
was appointed assistant engineer in the 
engineering department, with charge of 
station and substation design and system 
protection in 1917, and in 1922 was appoin- 
ted transmission engineer in the distribution 
department with charge of transmission de- 
sign and system load forecasting and plan- 
ning. While in this capacity he redesigned 
and reconstructed the transmission system 
of the company. Since 1925 he has held his 
present position. Many technical papers 
have been prepared by him, and he is the 
holder of a number of patents, including 
that of a type of inverse current relay. Mr. 
Conwell has also served the Institute on 
many other committees, and is now a mei- 
ber of the committees on technical program 
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and award of Institute prizes, having been 
chairman of both during 1933-35, publica- 
tion, power transmission and distribution, 
and co-ordination of Institute activities, 
and is representative on the Alfred Noble 
prize committee and the American com- 
mittee on marking of obstructions to ait 
navigation. In addition to serving on many 
of the Institute’s committees, Mr. Conwell 
has been a member of committees of the 
former National Electric Light Association 
(now Edison Eiectric Institute), American 
Standards Association, American Commit- 
tee on Inductive Co-ordination, National 
Fire Protection Association, and Association 
of Edison Illuminating Companies. 


D. W. Roper (A’93, F’14, and member for 
life) assistant electrical engineer, Common- 
wealth Edison Company, Chicago, IIl., re- 
tired recently. Mr. Roper was born at 
Grafton, Ill., and received the degree of 
mechanical engineer at Cornell University 
in 1893. Following experience in the student 
course of the General Electric Company and 
with the Missouri Edison Electric Company, 
St. Louis, Mr. Roper in 1903 entered the 
engineering department of the Chicago 
Edison Company, a company later consoli- 
dated into the present Commonwealth 
Edison Cuinpany. In 1904 he was made 
assistant to chief operating engineer, and 
had charge of engineering, construction, and 
operation of underground cables. In 1911 
overhead systems were added to his respon- 
sibilities. From 1915 to 1933 he was super- 
intendent of the street lighting department, 
being appointed assistant electrical engineer 
in charge of the research division of the 
engineering department. Mr. Roper is a 
well-known authority on underground 
cables, and has presented a number of 
papers to the Institute on this subject. He 
has been a member of the Institute’s com- 
mittee on research since 1924, and other 
committees on which he has served include 
power transmission and distribution, 1917— 
35, and U.S. National Committee of the 
International Electrotechnical Commission, 
1923-30. 


M. S. Coover (A’16, M’32) former pro- 
fessor of electrical engineering at the Uni- 
versity of Colorado, Boulder, has been ap- 
pointed professor and head of the depart- 
ment of electrical engineering at Iowa State 
College, Ames, where he succeeds F. E. 
Johnson (A’13, F’31). Professor Coover 


was born at Shippensburg, Pa., and was 
graduated from Rensselaer Polytechnic 
Institute in 1914 with the degree of electrical 
engineer. Following graduation he was in 
the employ of the New York Central Rail- 
road and in 1915 went with the Montana 
Power Company until the outbreak of the 
World War. Shortly after his release from 
army service (1919) he was appointed in- 
structor in electrical engineering at the 
University of Colorado. The following year 
he was appointed assistant professor, and 
2 years later became associate professor. 
He was appointed professor in 1930. Pro- 
fessor Coover served on the automatic 
stations committee of the Institute, 1927-29, 
and was secretary of the North Central 
District 1929-33. He is also a member of 
the Society for the Promotion of Engineer- 
ing Education and served on the electrical 
engineering committee 1933-34. During 
summer vacations at Colorado his activities 
as a consultant and investigator on electrical 
engineering problems have taken him to 
widely separated parts of the United States. 


I. E. Movuttrop (A’10, F’29, and past 
vice president) chief engineer and superin- 
tendent of the construction bureau of The 
Edison Electric Illuminating Company of 
Boston, Mass., has retired from active 
service after 43 years with the company. 
Mr. Moultrop was born at Marlboro, Mass., 
in 1865 and became an apprentice with the 
Whitter Machine Company in 1882. He 
became head draftsman of this company, 
which was a pioneer in the manufacture of 
electric elevators, and resigned in 1892 to 
become chief draftsman of The Edison 
Electric Illuminating Company of Boston. 
In 1897 he was appointed mechanical engi- 
neer, serving in that capacity until 1913 
when he was appointed assistant superinten- 
dent of the construction bureau. His ap- 
pointment to chief engineer was made in 
1926, the supervision of the construction 
bureau being added subsequently. Through- 
out his period of service he has had a promi- 
nent part in all the construction work of the 
company, both mechanical and electrical, 
including also transmission and distribution. 
Mr. Moultrop’s work has been recognized 
by the award of the Elliott Cresson medal 
by the Franklin Institute and the honorary 
degree of mechanical engineer by Stevens 
Institute of Technology. Recently he was 
appointed chairman of the Boston area com- 
mittee in the drive to raise funds for Engi- 
neering Index, Inc. A past chairman of the 
Boston Section, he has been very active in 
the affairs of the Institute, and was a direc- 
tor 1926-30 and a vice president 1930-32. 
He is the author of several Institute papers, 
and has been a member of the power genera- 
tion committee since 1916 and of the auto- 
matic stations committee since 1930, serving 
also on others. Mr. Moultrop is a member 
and past officer of The American Society 
of Mechanical Engineers, and is president 
of the Engineers’ Club of Boston. 


F. P. Cox (A’01, F’13) manager of the 
West Lynn, Mass., works of the General 
Electric Company, retired on September 1, 
1935. Mr. Cox graduated from Rose Poly- 
technic Institute, Terre Haute, Ind., in 1887, 
and since 1889 has been with the General 
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Electric Company and its predecessors, 
having charge of meter and instrument de- 
sign and development from 1894 to 1920, 
when he was appointed manager. A number 
of patents were granted to him for his work, 
which included prepayment and rate meters. 
Mr. Cox was a member of the Institute’s 
standards committee 1915-22 and 1923-28, 
and served also on the instruments and 
measurements committee, 1917-24, and on 
a joint power factor committee 1919-20. 


F. E. Jonnson (A’13, F’31) who has 
been head of the department of electrical 
engineering of Iowa State College, Ames, 
has accepted the position of dean of the 
college of engineering at the University 
of Missouri, Columbia. Dean Johnson was 
born at Le Roy, Mich., and is a graduate of 
the University of Michigan, having received 
the degrees of bachelor of arts, in 1906 and 
of electrical engineer in 1909. Following 
some experience in electrical construction 
work he became an instructor at Rice Insti- 
tute, Houston, Tex., in 1912 and 3 years 
later went to the University of Kansas, 
Lawrence, where he was successively assis- 
tant professor, associate professor, and 
professor, being appointed head of the de- 
partment of electrical engineering in 1928. 
In 1930 he resigned to become head of the 
department at Iowa State College. During 
the period 1933-35 Dean Johnson served as 
a member of the Institute’s commmittee on 
education. 


J. T. Mountain (A’04, F’20) Chicago, 
Ill., has retired from the Commonwealth 
Edison Company after 36 years with the 
company. Mr. Mountain entered the em- 
ploy of the Chicago Edison Company fol- 
lowing his graduation from the electrical 
engineering course at the University of 
Michigan in 1899. He served as load dis- 
patcher and chief load dispatcher from 1904 
to 1910, when he was made assistant to the 
chief operating engineer. He held this posi- 
tion until recently, when he was appointed 
assistant service manager. In addition to 
his general interest in operating affairs he 
concerned himself especially with lamp mat- 
ters and policies, and was a member of the 
lamp committee of the Association of Edi- 
son Illuminating Companies. 


R. H. Tapscotr (A’18, F’29, and vice 
president) vice president of the New York 
Edison Company, New York, N. Y., has 
been elected to the board of the New York 
Edison Company and to the executive com- 
mittee of the United Electric Light and 
Power Company. Mr. Tapscott, in addition 
to serving the Institute as a vice president, 
is also chairman of the finance committee 
and a member of executive, headquarters, 
and co-ordination of Institute activities com- 
mittees. 


J. D. Ross (A’08, F’12) superintendent 
of lighting, City of Seattle, Wash., has been 
appointed a member for a 5 year term of 
the Securities and Exchange Commission 
by President Roosevelt. Mr. Ross was born 
at Chatham, Ont., Can., and was educated 
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in Canada. For a short time he was en- 
gaged in mining, and in 1903 was employed 
on the design, construction, and operation 
of the municipal electric plant at Seattle, 
engaging also in other consulting and super- 
vising work. Since that time Mr. Ross has 
been superintendent of the system. Re- 
cently he was appointed chief consulting 
engineer of the power division just organized 
by the Public Works Administration. He 
was a member of the Institute’s committee 
on power stations (now power generation) 
1918-19 and 1920-21. 


R. C. HumMEt (A’29) equipment engineer, 
West Coast Telephone Company, Everett, 
Wash., has been awarded the 1934 A.I. E. E. 
North West District prize for best paper 
for his paper ‘““The Design and Operation 
of an Automatic All Relay Telephone 


R. C. HUMMEL 


Switching System for Small Communities.” 
Mr. Hummel was born at Lopez Island, 
Wash., and has been engaged in telephone 
work since 1918, when he was employed at 
switchboard maintenance by the Puget 
Sound Telephone Company, predecessor 
of the West Coast Telephone Company. 
During the year 1923-24 he was design and 
production engineer with the North Elec- 
tric Manufacturing Company, Galion, Ohio, 
where he worked on the design of the first 
magneto machine switching telephone ex- 
change placed in commercial service and on 
power supervisory equipment of various 
types. In 1924 Mr Hummel assumed his 
present duties as equipment engineer. 


A. H. Keuoe (A’12, F’25) vice president, 
New York Edison Company, New York, 
N. Y., has been elected to the board of the 
United Electric Light and Power Company, 
New York. Mr. Kehoe is a member of the 
Institute’s committee on standards, and 
was recently elected second vice president 
of the New York Electrical Society to 
serve for the year 1935-36. 


N. J. Darrinc (M’34) who is manager of 
the River Works of the General Electric 
Company at Lynn, Mass., has also assumed 
management of the works at West Lynn 
following the retirement of F. P. Cox (A’01, 
F’13). Mr. Darling graduated from Cornell 
University in 1907, and was entered in the 
student course of the General Electric 


Company at Schenectady, N. Y., untili 
1909. He returned to the company at Erie,: 
Pa., in 1915, and 8 years later was appointed} 
assistant works manager there. Since 1922! 
he has been manager of the River Works att 
Lynn. Mr. Darling was first elected to) 
membership in the Institute in 1922, andi 
was a member of the committee on education 1 
during 1926-28. 


W. B. Jackson (A’97, F’18, past vice: 
president and Life Member) rate engineer - 
of the New York Edison Company, New ’ 
York, N. Y., since 1920, has been made rate : 
consultant. Colonel Jackson graduated from | 
Pennsylvania State College in 1890, and: 
was engaged by several companies prior te | 
his becoming a member of the consulting ° 
firm of D. C. and W. B. Jackson in Chicago, 
Ill. He was made rate engineer of the New 
York Edison Company in 1920, shortly 
after his return from service in the army. 
Colonel Jackson was a manager of the Insti- 
tute, 1912-15, and a vice president 1918-19, 
and is now an Institute representative on 
the commission of the Washington award. 
He is a member and past officer of a number 
of organizations. 


L. S. Kerry (A’06) consulting engineer, 
Chicago, Ill., has been elected secretary of 
the Western Society of Engineers. Mr. 
Keith, who graduated from Massachusetts 
Institute of Technology in 1900, has been a 
consultant on public utility and industrial 
matters since 1922, and has been connected 
with the Cook Electric Company, Chicago, 
as vice president and director. Recently 
he was a member of the staff of the admini- 
strator of the work and rehabilitation divi- 
sion of the Illinois Emergency Relief Com- 
mission, resigning to assume his position 
with the Western Society of Engineers, 
which he already has served as treasurer and 
vice president. 


F. M. Terry (A’22, M’28) executive as- 
sistant, New York Edison Company, New 
York, N. Y., has been appointed rate engi- 
neer to succeed W. B. Jackson (A’97, F’13, 
past vice president and Life Member). Mr. 
Terry, who was graduated from Union Col- 
lege in 1920, was employed in the test de- 
partment of the New York Edison Company 
in 1921, following a year with the General 
Electric Company at’ Schenectady, N. Y. 
In 1923 he was appointed assistant to the 
rate engineer, and became chief assistant 
in 1927. Since 1932 he has been executive 
assistant. 


G. E. McCarn (M’22) Denver Colo., 
has retired as chief engineer of The Moun- 
tain States Telephone and Telegraph Com- 
pany. Mr. McCarn was born at Plattsville, 
Wis., and was employed in the engineering 
department of The Colorado Telephone 
Company in 1899, becoming assistant chief 
engineer of the company 4 years later. In 
1911 he became general plant superintendent 
in charge of the engineering department of 
its successor, The Mountain States Tele- 
phone and Telegraph Company, and in 1921 
was appointed chief engineer. 
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RussELL Hastincs (A’14) electrical engi- 
neer, Boston, Mass., who for the past 15 


_ years has been engaged in public utility 


vas rate engineer. 


rate work, has joined the staff of the Edison 
Electric Illuminating Company of Boston 
Mr. Hastings, a graduate 
of Massachusetts Institute of Technology, 
was employed by the Westinghouse Electric 
and Manufacturing Company and the Bos- 
ton Elevated Railway Company before he 


_ engaged in his present line of activity; in 


this work he has been in association with 
A. S. Knight, through whose offices he has 
been closely identified with The Edison 
Electric Illuminating Company. 


W. J. Canapa (A’20, M’20) formerly head 
of the engineering department of the Na- 
tional Electrical Manufacturers’ Associa- 
tion, New York, N. Y., has entered upon a 
new activity as special engineering repre- 
sentative with offices at New York for the 
Chase-Shawmut Company and the Wire- 
mold Company. Mr. Canada, who has 
given special attention to safety work, has 


' previously been connected with the Na- 


tional Fire Protection Association, Rocky 
Mountain Fire Underwriters’ Association, 
and Bureau of Standards,,and was a mem- 
ber of the Institute’s committee on safety 
codes from 1924 to 1928. 


J. T. NicHois (M’30) former manager of 
the research laboratory of the American 
Sheet and Tin Plate Company, Pittsburgh, 
Pa., has been appointed special representa- 
tive for the company, and is now in San 
Francisco, Calif. Mr. Nichols, in connec- 
tion with his past work, developed an auto- 
matic optical pyrometer for measuring the 
temperature of glowing objects. He is a 
member of the American Society of Re- 
frigerating Engineers, the Engineers So- 
ciety of Western Pennsylvania, and other 
organizations, and is the author of several 
technical papers. 


G. T. SHOEMAKER (M’20) vice president 
and electrical engineer, United Light and 
Power Engineering and Construction Com- 
pany, Davenport, Ia., has assumed the 
duties of vice president of the Kansas City 
(Mc.) Power and Light Company. Mr. 
Shoemaker; a graduate of Purdue Univer- 
sity became electrical engineer for the Uni- 
ted company in 1918, and since then has 
been engaged in the engineering of various 
steam power and hydraulic plants, as well 
as transmission lines and distribution sys- 
tems. 


Macnus Byornpav (A’25, M’34) former 
chief engineer of The Daven Company, 
Newark, N. J., is the founder and president 
of Tech Laboratories, Jersey City, N. J., 
a new company which will specialize in the 
manufacture of precision electrical resistance 
instruments and allied products. Mr. 
Bjorndal, before joining The Daven Com- 
pany recently, was chief engineer of Hard- 
wick, Hindle Incorporated, N ewark, where 
he was in charge of the design and produc- 
tion of various electrical equipment. 
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C. E. Wixson (A’16) vice president of the 
General Electric Company, Schenectady, 
N. Y., has been made chairman of the board 
of Houses, Incorporated. Houses, In- 
corporated, is a company newly organized 
by the General Electric Company to co- 
operate with others in the development of 
houses of any type which seems worthy and 
promising, to conduct research work, and to 
assist in the management and financing of 
such enterprises, being concerned primarily 
with the interior mechanism of the house. 


H. V. Purman (A’23, M’32) since 1931 
manager of the transformer engineering 
department of the Westinghouse Electric 
and Manufacturing Company at Sharon, 
Pa., is now manager of the switchgear man- 
agement unit of the company at East Pitts- 
burgh, Pa. Mr. Putman is the author of a 
number of Institute papers, and has been 
appointed a member of the power trans- 
mission and distribution committee for the 
year 1935-36. He served as a member of 
the electrical machinery committee 1931-35. 


MattrHew LuckiesuH (A’il, M’15) direc- 
tor, lighting research laboratory, General 
Electric Company, Cleveland, Ohio, has 
had the honorary degree of doctor cf engi- 
neering conferred upon him by Purdue 
University, which has conferred this degree 
only 6 times in 61 years. The citation in 
regard to Doctor Luckiesh is ‘‘whose skillful 
moulding of the candles of science has 
furnished new light for the darkened places 
where men live.” 


E.inu TuHomson (A’84, F’13, HM’28, 
past-president and member for life) con- 
sulting engineer, General Electric Company, 
and director, Thoimson Research Labora- 
tory, Lynn, Mass., was elected an honorary 
president oft he International Electrotech- 
nical Commission at the meeting in: Brus- 
sels. Recently Doctor Thomson received 
the award of the V. D. I. medal of honor 
(ELECTRICAL ENGINEERING, May 1935, 
page 574). 


O. E. ALLENDE (A’25, M’31) electrical 
engineer and assistant to the general man- 
ager, Electric Company of Costa Rica, 
(Delaware) and local manager, Compania 
Electrica de Turrialba, Cartago, Costa 
Rica, C. A., las been appointed by the 
Chilean governiment civil attaché to the 
Chilean Legation for all the Central Ameri-. 
can nations, this appointment being in 
addition to his regular position. 


F. A. Merrick (A’07) president, West- 
inghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa., has been deco- 
rated with the Order of the Rising Sun, 
third class, by Emperor Hirohito of Japan 
in appreciation of technical assistance ren- 
dered to that country’s electrical industry 
and railway lines. The presentation was 
made by Communications Minister Toko- 
nami. 


J. C. BuRKHOLDER (M’30) former partner 
of the firm of Burkholder and Kelley, 
Toronto, Ont., Can., is now vice president 
and chief engineer of Burlec Limited, a 
company newly formed at Scarboro Junc- 
tion, Ont., for the manufacture of line and 


special telephone and telegraph apparatus. 
Mr. Burkholder was at one time engaged 
with the Canadian National Railways in 
developing a method of telephoning from a 
moving train. 


SipNEY Hosmer (A’97, F’12, and mem- 
ber for life) vice president and general 
manager, The Edison Electric Illuminating 
Company of Boston, Mass., has assumed the 
duties of acting head of the construction 
bureau, following the retirement of I. E. 
Moultrop (A’10, F’29, and past vice presi- 
dent). Mr. Hosmer has been a vice presi- 
dent of the company since 1926, and was 
appointed general manager in 1932. 


J. W. Barker (M’26, F’30) dean, school 
of engineering, Columbia University, New 
York, N. Y., is serving as New York area 
chairman in the drive to raise funds for 
Engineering Index, Inc. Dean Barker has 
been serving on the Institute’s committees 
on education, technica! program, publica- 
tion, and production and application of 
light, having been chairman of the latter 
since 1933. 


WILLIAM SPRARAGEN (A’17, M’26) presi- 
dent, Spraragen Engineering Corporation, 
New York, N. Y., and former secretary of 
the National Research Council, has been 
appointed a member of the welding research 
committee sponsored by Engineering Foun- 
dation. Mr. Spraragen has served on the 
Institute’s committee on electric welding 
since 1927. 


G. M. Armsrust (A’1l, F’33) assistant 
electrical engineer, Commonwealth Edison 
Company, Chicago, Ill., has been given 
charge of the new plant engineering division 
of the company, formed from the combina- 
tion of the design and field engineering divi- 
sions. Mr. Armbrust was recently ap- 
pointed a member of the Institute’s power 
transmission and distribution committee. 


H. C. Worr (A’16, M’23) formerly vice 
president of the Consolidated Gas and 
Electric Company, New York, N. Y., has 
become president of the Central Indiana 
Gas Company, Muncie, the operations of 
which cover gas, electric, and water proper- 
ties in the central and southern portions of 
the state. Mr. Wolf is a former director of 
the Institute’s Baltimore Section. 


W. E. Wyss (A’35) who has been in the 
test department of the General Electric 
Company at Schenectady, N. Y., has been 
sent to Washington, D. C., as a student 
patent attorney in the patent department of 
the company. He is co-author of a paper 
on induction motor starting which is sched- 
uled for presentation at the coming Great 
Lakes District meeting of the Institute. 


N. M. DuCuHeEmrn (A’29) formerly general 
superintendent of the West Lynn, Mass., 
works of the General Electric Company, has 
assumed the duties of assistant manager 
in charge of operations. He was educated 
at London University, and graduated from 
the General Electric engineering school in 
1917. He was made general superintendent 
at West Lynn in 1924. 
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E. E. TurKINGTON (A’08) electrical en- 
gineer, Associated Factory Mutual Fire 
Insurance Companies, Boston, Mass., has 
been appointed chairman of a newly formed 
subcommittee of the electrical committee of 
the National Fire Protection Association, 
the subcommittee being concerned with the 
subject of small circuit breakers. 


C. H. Cuampvarn (A’28) general works 
manager, Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Pa., 
has been forced to retire by illness. He had 
been with the company for many years, 
becoming manager of the plant at Sharon, 
Pa., in 1922 and general works manager at 
East Pittsburgh more recently. 


W. J. Mauwan (A’25) electrical inspector 
in the building department of the city of 
New Haven, Conn., has been appointed 
chairman of a newly formed subcommittee 
of the electrical committee of the National 
Fire Protection Association, the new sub- 
committee being concerned with the subject 
of fuses. 


R. H. Comprs (A’ 13, M’18) president and 
general manager, Prest-O-Lite Storage Bat- 
tery Company, Ltd., Toronto, Ont., Can., 
has been elected a member of the council 
of the Association of Professional Engineers 
of Ontario, representing the mechanical 
branch, and also has been elected a member 
of the executive council of the association. 


H. M. Hopart (A’94, F’12, and member 
for life) consulting engineer, Schenectady, 
N. Y., has been appointed a member of the 
welding research committee sponsored by 
Engineering Foundation. Mr. Hobart is 
chairman of the Institute’s committee on 
electric welding, and a member of the tech- 
nical program committee. 


J. P. Barton (A’30) former sales engineer 
in the electrical sheet division of the Empire 
Sheet and Tin Plate Company, Mansfield, 
Ohio, has accepted a similar position with 
the American Sheet and Tin Plate Company, 
Pittsburgh, Pa. Mr. Barton, a member of 
several other organizations, is the author 
of 2 Institute papers. 


J. C. LANGpDELL (A’07) meter engineer, 
Commonwealth and Southern Corporation, 
Jackson, Mich., has been appointed a mem- 
ber of the new subcommittee on small cir- 
cuit breakers formed under the electrical 
committee of the National Fire Protection 
Association. 


H. N. Pye (A’15, M’27) chief engineer, 
Southeastern Underwriters Association, At- 
lanta, Ga., has been appointed a member of 
the new subcommittee on small circuit 
breakers formed under the electrical com- 
mittee of the National Fire Protection As- 
sociation. 


R. B. SHeparD (A’25, M’26) electrical 
eugineer, Underwriters’ Laboratories, Inc., 
New York, N. Y., has been appointed a 
member of the new subcommittee on smal! 
circuit breakers formed under the electrical 
committee of the National Fire Protection 
Association. 
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A. D. Sropparp (A’16) chief engineer, 
Haliburton Oil Well Cementing Company, 
Duncan, Okla., has been made a vice presi- 
dent of the company. Mr. Stoddard, who 
has been with the company for several years, 
will be in charge of manufacturing and 
engineering. 


C. A. Apams (A’94, F’13, past-president 
and member for life) Lawrence professor of 
engineering, Harvard University, Cam- 
bridge, Mass., has been appointed chairman 
of Engineering Foundation’s welding re- 
search committee. He is also a member of 
the Institute’s committee on electric weld- 
ing. 


S. M. KintNER (A’02, M’03) vice presi- 
dent in charge of research, Westinghouse 
Electric and Manufacturing Company, 
East Pittsburgh, Pa., has been appointed 
chairman of the Pittsburgh area committee 
in the drive to raise funds for Engineering 
Index, Inc. Mr. Kintner has been a mem- 
ber of several Institute committees. 


C. F. Scotr (A’92, F’25, HM’29, past- 
president and member for life) professor 
of electrical engineering emeritus, Yale Uni- 
versity, New Haven, Conn., has been ap- 
pointed a member of the board which will 
supervise registration and examination of 
all types of engineers in Connecticut. 


E. G. Curttwick (A’26, M’33) who for 
a short period was with the electrical en- 
gineering branch of the Military College of 
Science at London, England, has returned 
to Vancouver, B. C., Can., as associate pro- 
fessor of electrical engineering at the Uni- 
versity of British Columbia. 


J. E. Yarmack (A’35) has joined the 
Diehl Manufacturing Company, the elec- 
trical division of the Singer Manufacturing 
Company, at Elizabethport, N. J., as re- 
search and development engineer in charge 
of the laboratory, development, and ex- 
perimental shops. 


A. F. Darvanp (A’20, M’29) former 
superintendent of electrical construction 
and design in the department of public 
utilities, Tacoma, Wash., is now field en- 
gineer with the Department of Interior 
reclamation service on the Grand Coulee 
(Wash.) Columbia River project. 


W. J. Lewis (A’33) has resigned as 
assistant electrical engineer with the Cin- 
cinnati (Ohio) Street Railway Company to 
take a position as engineer with R. Roy 
Holden, Inc., Chicago, Ill., manufacturers 
of overhead equipment for trackless trolley 
lines. 


E. A. Moye (A’26) who has been dis- 
tribution engineer for the Texas Power and 
Light Company at Tyler, is now consulting 
and chief engineer of the S. W. Scales elec- 
tric Company, distributor at Greenville, 
Texas, in which Mr. Moyle has a part in- 
terest. 


C. A. TupBury (A’35) is now a junior 
electrical engineer with the New England 
Power Engineering and Service Corpora- 


tion, Worcester, Mass. A paper by him 
recently received a prize in a technical paper 
contest between the Lynn and Boston Sec- — 
tions. 


W. D. Cassin (A’23) Philadelphia, Pa., 
former sales engineer with the Westinghouse 
Electric and Manufacuring Company, is 
now in the engineering department of the 
Pennsylvania State Public Service Com- 
mission, Philadelphia. 


D. S. Jacosus (A’03, and member for life) 
advisory engineer, Babcock and Wilcox 
Company, New York, N. Y., has been ap- | 
pointed a member of the welding research 
committee sponsored by Engineering Foun- 
dation. 


M. M. Branpon (A’34) associate elec- 
trical engineer, Underwriters’ Laboratories, 
Inc., New York, N. Y., has been appointed 
a member of the new subcommittee on 
fuses formed under the electrical committee 
of the National Fire Protection Association. 


L. W. Gorne (A’19) chief electrical in- 
spector for the city of Portland, Ore., has 
been appointed a member of the new sub- 
committee on fuses formed under the elec- 
trical committee of the National Fire Pro- 
tection Association. 


C. F. Himes (A’34) formerly in the Mound 
Valley School at Hominy, Okla., is now with * 
the Eagle Mills at Edmond, Okla., as engi- 
neer. Mr. Himes received the A.I.E.E. 
South West District prize for Branch paper 
in 1933. 


S. K. Wa.porr (A’27) who has been a 
fellow at The Johns Hopkins University, 
Baltimore, Md., is now with the Pennsyl- 
vania Water and Power Company, Balti- 
more. Mr. Waldorf has presented several 
papers to the Institute. 


ALEx Dow (A’93, F’18, and member for 
life) president, Detroit Edison Company, 
Detroit, Mich., has received the honorary 
doctor of science degree from the University 
of Detroit. He is the author of a 1934 
Institute paper on the schooling of engineers. 


L. E. Messincper (A’30) president and 
managing director, Canadian Line Mate- 
rials Limited, Scarboro Junction, Ont., 
Can., is president of the newly formed Bur- 
lec Limited, a manufacturing company at 
Scarboro Junction. 


SmpNEyY Simpson (A’12, M’27) formerly 
deputy electrical locomotive superintend- 
ent, Eastern Bengal Railroad, Kanchrapara, 
Bengal, India, is now chief electrical engi- 
neer of the North Western Railway, Lahore, 
Punjab. 


RAYMOND RuGGE (A’30) formerly in the 
engineering department of the Curtiss 
Wright Airplane Company, Robertson, Mo., 
is now municipal engineer and superintend- 
ent of the electric light plant at Larned, Kan. 


P. M. Ross (A’34) formerly in the com- 
mercial engineering department of the 
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Frigidaire Corporation, Dayton, Ohio, is 
now laboratory engineer with the insulator 
division of the Ohio Brass Company at 


— Barberton. 


H. B. Dates (A’98, F’32, and member for 
life) professor of electrical engineering, Case 
School of Applied Science, Cleveland, Ohio, 
has been elected vice president of the Illumi- 
nating Engineering Society to serve a 2 year 
term. 


S. W. Sropparp (A’28, M’30) who has 
been superintendent of the northeastern 
division of the New England Power Associa- 
tion at Lawrence, Mass., is now central 
division superintendent at Worcester, 
Mass. 


PETER FRIES, JR. (A’34) New York, N. Y., 
has been appointed associate editor of The 
Justinian, legal newspaper of Brooklyn Law 
School of St. Lawrence University, for the 
year 1935-36. 


W. A. F. Zartu (A’23) who was formerly 
employed by Southern Dairies, Inc., Wash- 
ington, D. C., has become affiliated with 
Dictograph Products Company, Inc., Ja- 
maica, MN. Y., as production engineer. 


SAMUEL FERGUSON (A’02) president and 
chairman of the board of directors, Hart- 
ford Electric Light Company, Hartford, 
Conn., has been re-elected as a trustee of 
the Edison Electric Institute. 


N. A. Roiirins (M’27) station installation 
engineer, Commonwealth Edison Company, 
Chicago, Ill., has been given supervision of 
the line installation and service investiga- 
tion sections. 


J. W. Keeney (A’22) who has been 
superintendent of the southern division of 
the New England Power Association at 
Providence, R. I., is now superintendent of 
the northeastern division at Lawrence, Mass. 


L. H. HenNpDRIxson (A’32) formerly with 
the Southern California Telephone Com- 
pany, Los Angeles, is now connected with 
the bureau of power and light of the City of 
Los Angeles. 


W. L. Assorr (A’01, F’13, and member 
for life) chief engineer, Commonwealth 
Edison Company, Chicago, IIl., is serving as 
area chairman in Chicago in the drive to 
raise funds for Engineering Index, Inc. 


J. H. Herron (M’35) president, James 
H. Herron Company, Cleveland, Ohio, is 
sponsoring a committee in Cleveland in the 
drive to raise funds for Engineering Index, 
Inc. 


CHESTER STEVENS (A’32) former plant 
superintendent for the Producers Cold 
Storage Company, Shelbina, Mo., is now 
plant manager for the Independence Pro- 
duce Company, Independence, Iowa. 


C. G. Gries (A’33) lieutenant, U.S. 
Navy, who has been electrical officer of the 
U.S.S. New Mexico, been has transferred to 
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the bureau of engineering of the Navy 
Department at Washington, D. C. 


R. Y. Miner (A’35) former engineer with 
Calibron Products, Inc., West Orange, N. J., 
has accepted a position as design engineer 
with Arma Engineering Company, Inc., 
Brooklyn, N. Y. 


E. J. Wituers (A’34) formerly employed 
by the Shell Petroleum Company, East 
Chicago, Ind., has taken a position as 
switchboard operator with the Inland 
Steel Company at East Chicago. 


WILL1AM WATERMAN (A’31) former chief 
engineer, Lang Radio Corporation, Brook- 
lyn, N. Y., is now a radio engineer with the 
Victor division of the R.C.A. Manufactur- 
ing Company at Camden, N. J. 


E. C. Morse (A’07, M’13) former mana- 
ger, co-operative merchandising depart- 
ment, American Bemberg Corporation, 
New York, N. Y., is now general director 
for Associated Wool Industries, N. Y. 


R. H. Hucues (A’20, M’30) assistant vice 
president, New York (N. Y.) Telephone 
Company, has been elected president of the 
New York Electrical Society to serve for the 
year 1935-36. 


G. F. FowLEr (A’29) member of technical 
staff, Bell Telephone Laboratories, Inc., 
New York, N. Y., has been elected treasurer 
of the New York Elecirical Society to serve 
for the year 1935-36. 


W. F. OLIvErR (A’23) who has been foreign 
wire relations supervisor with the Southern 
Bell Telephone and Telegraph Company at 
Atlanta, Ga., has been transferred to Baton 
Rouge, La. 


W. G. Keiiey (A’08, F’26) plant design 
engineer, Commonwealth Edison Company, 
Chicago, Ill., has been given supervision of 
the drafting and equipment sections. 


E. A. Lozw (A’08, M’13) professor of 
electrical engineering at the University of 
Washington, Seattle, was recently appointed 
acting dean of the college of engineering. 


J. H. Hunt (A’07, M’18) patent section, 
General Motors Corporation, Detroit, Mich., 
has been elected president of the Detroit 
Engineering Society. 


C. T. Mass (A’27, M’29) former electrical 
engineer of the California Railroad Com- 
mission, San Francisco, has been appointed 
valuation engineer for the commission. 


J. P. E. ArBerry (A’30) is now connected 
with the Pittsburgh Plate Glass Company, 
Pittsburgh, Pa., as assistant electrical 
engineer. 


A. H. Lane (A’27) who is employed by 
the American Telephone and Telegraph 
Company, has been transferred from New 
Haven, Conn., to New York, N. Y. 


J. P. ScHROEDER (A’31) Oakland, Calif., 
is now employed in the engineering depart- 
ment of the Yuba Manufacturing Company, 
Benicia. 


PavuL Boopserc (A’30) junior engineer, 
Pennsylvania Power and Light Company, 
has been transferred from Pottsville, Pa., 
to Hazleton. 


H. M. DupHorne (A’29) toll plant exten- 
sion engineer, Southwestern Bell Telephone 
Company, has been transferred from Okla- 
homa City, Okla., to Little Rock, Ark. 


F. C. Moax (A’29) professional engineer 
of Saugerties, N. Y., is now connected with 
the Arma Manufacturing Company, Brook- 
lyn, N. Y. 


J. R. McCaa (A’34) is now employed in 
the mechanical engineering department of 
the York Ice Machinery Corporation, 
York, Pa. 


W. T. Wuite (A’33) assistant, U.S. 
Coast and Geodetic Survey, who has been 
at Corpus Christi, Texas, is now at Bur- 
lington, N. J. 


J. J. Rose (A’33) electrical draftsman, 
New York and Queens Electric Light and 
Power Company, Flushing, N. Y., has been 
appointed chief draftsman. 


J. G. Pieasants (A’32) production fore- 
inan, Proctor and Gamble Company, who 
has been at Cincinnati, Ohio, is now at 
Staten Island, N. Y. 


P. J. Borsen (A’23) is now with the 
Public Service Commission of West Virginia 
at Charleston. 


W. A. STELZER (A’34) is now employed in 
the U.S. Engineer Department at Fort 
Peck, Mont. 


L. R. Rocxuott (A’33) is now junior 
electrical engineer with the Bowie Switch 
Company, San Francisco, Calif. 


A. N. BuppeEN (A’26) of Montreal, Que., 
Can., is now with the Dominion Engineering 
Company, Limited, Toronto, Ont. 


G. H. ULRicu, Jr. (A’34) is now a drafts- 
man in the engineering department of the 
Link Belt Company, Chicago, IIl. 


D. F. Hip (A’83) is now area manager at 
Edmore for the Central West Public Service 
Company of North Dakota. 


H. R. ANDERSON (A’27) of Huron, S. D., 
is now connected with the U.S. Engineers 
at Fort Peck, Mont. 


T. C. DEARLOVE (A’25) is now employed 
by the Cemco Electrical Manufacturing 
Company in Vancouver, B. C., Can. 


E. O. Lunn (A’32) is now employed as 
mechanic and electrician at Bradian Mines 
Limited, Bralorne, B. C., Can. 
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T. T. Woopson (A’33) is now in the test 
department of the General Electric Com- 
pany at Schenectady, N. Y. 


F. L. Ost (A’29) who has been at Vesteras, 
Sweden, is now employed by the Svenska 
Elektriska Aktiebolaget at Ludvika. 


W. P. Srevens (A’28) has engaged in 
consulting engineering in Palestine, Texas. 


Obituary 


Wititiam CuarLtes Gorsnart (A’01, 
M’02, and Life Member) consulting and con- 
structing engineer, New York, N. Y., and 
former president and chief engineer of the 
New York and Port Chester Railroad, died 
August 20, 1935. Mr. Gotshall was born 
at St. Louis, Mo., May 9, 1870. Following 
studies at Washington University he was 
employed by the St. Louis and Eastern 
Railroad Company and the Missouri Power 
and Light Company, and subsequently re- 
built and operated a number of electric 
railways. As chief engineer of the Union 
Railway Company, St. Louis, he undertook 
the rehabilitation of the system, which 
involved the first introduction of the 3 wire 
system on railways. In 1897 he was in 
charge of the rebuilding of the Second 
Avenue Railway in New York, which was 
converted from horsepower to a conduit 
system. Following this he became president 
and chief engineer of the New York and 
Port Chester Railroad, which he designed 
and constructed. This was the first high 
speed electric railway in the United States 
built entirely on its own right of way with- 
out grade crossings, which involved the 
introduction of many improvements in 
high speed electric traction. This work was 
completed in 1912, and subsequently Mr. 
Gotshall was engaged in other railroad 
work in the United States, Europe, and 
Africa. He also took part in several archae- 
ological expeditions and was the author of 
a number of articles on electric railways, 
as well as a book on their economics. He 
was a member of the American Society of 
Civil Engineers, the American Association 
for the Advancement of Science, and other 
organizations. 


Otro WALLACE WALTER (A’21, M’29) 
assistant professor of electrical engineering, 
College of the City of New York, N. Y., 
was killed in an automobile accident July 7, 
1935. He was born at Beatrice, Neb., 
December 28, 1892, and received the degrees 
of bachelor of arts (1920), bachelor of science 
(1921), and electrical engineer (1926) at 
the University of Oklahoma, Norman, where 
he was an instructor and assistant professor 
from 1919 to 1926. During the year 1926-27 
he was an instructor at Massachusetts In- 
stitute of Technology, Cambridge, where he 
received the degree of master of science in 
electrical engineering. The following year 
he returned to the University of Oklahoma 
as associate professor of electrical engineer- 
ing, and in 1928 accepted the position of 
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assistant chief engineer with the Hall Elec- 
tric Heating Company, Inc., Philadelphia, 
Pa. He resigned as research engineer of the 
company in 1931 to resume teaching as 
assistant professor at The College of the 
City of New York. 


Jay HoucutTon Hai (A’05, M’12) as- 
sistant chief engineer, Electric Controller 
and Manufacturing Company, Cleveland, 
Ohio, died in August 1935 while on a vaca- 
tion trip. Mr. Hall was born at Momence, 
Ill., April 9, 1875, and studied electrical 
engineering at Rose Polytechnic Institute, 
from which he received the degree of bache- 
lor of science in 1893. Subsequently he 
received the degrees of master of science in 
1906 and electrical engineer in 1908. His 
first position was in charge of an isolated 
light plant, following which, in 1899, he 
became a draftsman in electrical department 
of the Carnegie Steel Company at Munhall, 
Pa. For a short time in 1901 he was in 
charge of the electric signal system of the 
Chicago and Eastern Illinois Railroad Com- 
pany, and from 1901 to 1904 was chief 
draftsman and assistant superintendent for 
the Youngstown Engineering Company, 
Youngstown, Ohio. In 1904 he became 
chief draftsman for the Electric Controller 
and Manufacturing Company, and since 
then had held successively the positions of 
assistant engineer, sales engineer, manager 
of the New York sales office, assistant to 
the president, and electrical engineer, with 
the exception of the period 1915-17, when 
he was at Morganton, N. C. Mr. Hall 
received a number of patents on motor 
controlling apparatus, and was a member 
of the institute’s committee of applications 
to iron and steel production in 1926-27. 


Cart BorGMANN (A’24) manual telephone 
equipment engineer, Bell Telephone Labora- 
tories, Inc., New York, N. Y., died suddenly 
August 20, 1935. He was born at Chris- 
tiania, Norway, January 31, 1881, and gradu- 
ated from the Technical College there in 
1900. Until 1902 he was in charge of tele- 
phone equipment design with a manufactur- 
ing company, then came to the United States 
and was employed’ by the Mark Manufac- 
turing Company at Evanston, Ill. In 1903 
he became a supervisor in the drafting de- 
partment of the Western Electric Company, 
Chicago, Ill., and in 1907 became inspector 
of installation. From 1909 to 1919 he was 
equipment engineer and since 1919 had been 
manuel telephone equipment engineer at New 
York; in 1925 the laboratories of this com- 
pany became the Bell Telephone Labora- 
bories, Inc. In 1930 he was a member of 
the group of engineers sent abroad to study 
European communications. 


CHARLES MarTIN CLarK (A’96, and mem- 
ber for life) director of many utility com- 
panies and former president of The Brad- 
street Company, New York, N. Y., died 
July 24, 1985. Mr. Clark was born at Bos- 
ton, Mass., November 5, 1873, and received 
the degree of electrical engineer from the 
Columbia School of Mines in 1897. From 
1904 to 1926 he was treasurer of The Brad- 
street Company, becoming president in 


1926. Among the many companies of which 
he was a director were American Power and 
Light Company, Electric Power and Light 
Company, United Gas Corporation, The 
Washington Water Power Company, Florida 
Power and Light, and Dun and Bradstreet, 
Inc. 


Mortimer Dickinson Gouitp (M’25) 
Buffalo, N. Y., died on June 8, 1935. He 
was born at Buffalo, February 28, 1879, and 
was graduated from Stevens Institute of 
Technology in 1905. Until 1907 he was en- 
gaged in construction work with the Ni- 
agara, Lockport and Ontario Power Com- 
pany, and then entered the engineering 
department of the Rochester (N. Y.) Gas 
and Electric Company. From 1911 to 1917 
he was in charge of engineering, construc- 
tion and operation for the Livingston Ni- 
agara Power Company at Avon, N. Y., and 
in 1917 joined the Westinghouse Electric 
and Manufacturing Company, becoming 
manager of the engineering division of the 
Buffalo office of the company, which posi- 
tion he held until recently. 


Epwarp K. SHELTON (A’12) designing 
engineer, General Electric Company, Pitts- 
field, Mass., died on August 31, 1935. He 
was born at Manhattan, Kan., January 7, 
1890, and graduated from the electrical 
engineering course at the University of 
Washington in the class of 1910 with the 
degree of bachelor of science in electrical 
engineering. In that year he entered the 
employ of the General Electric Company in 
the testing department at Schenectady, 
N.Y. In 1913 he was transferred to the light- 
ning arrester department in the Pittsfield 
works, and since 1920 had been in charge of 
the design and development of capacitors. 


Auvpis H. Wurts (A’21) attorney with 
Cotton, Franklin, Wright, and Gordon, New 
York, N. Y., died August 2, 1935. He was 
born at Chatham, Ohio, August 9, 1890, 
and received the degrees of bachelor of arts 
at Western Reserve University in 1913, 
bachelor of science in electrical engineering 
at University of California in 1914, and 
bachelor of laws at Harvard University in 
1917. Following military service he en- 
gaged in the practice of law with M. B. and 
H. H. Johnson in Cleveland, Ohio, and in 
1922 became associated with the firm of 
Cotton and Franklin in New York. 


JosepH HucH McHucu (A’81) electrical 
inspector, City of St. Paul, Minn., died in 
January 1935 according to word recently 
received at Institute headquarters. He was 
born at Minneapolis, May 24, 1884,and was 
engaged in electrical construction work from 
1900 to 1908, and as a theatrical electrician 
from 1908 to 1918. Since that year he had 
been an electrical inspector. 


Harvey C. Scuuuze (A’24) results engi- 
neer, The Ohio Power Company, Philo, 
Ohio, died March 21, 1935, according to 
word just received at Institute headquaters. 
Mr. Schulze was born at Hubbard, Ia., 
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September 25, 1899, and was a graduate of 
Iowa State College, from which he received 
the degree of bachelor of science in electrical 
engineering. In 1921 he entered the testing 
department of the General Electric Com- 
pany at Schenectady, N. Y., where he was 
employed until he became efficiency engi- 
neer at the Philo plant of the Ohio Power 
Company in 1926. 


Membership 


Applications 
for Election 


Applications have been received at headquarters 
from the following candidates for election to 
membership in the Institute. If the applicant has 
applied for direct admission to a grade higher than 
Associate, the grade follows immediately after 
the name. Any member objecting to the election 
of any of these candidates should so inform the 
national secretary before Oct. 31, 1935, or Nov. 30, 
1935, if the applicant resides outside of the United 
States or Canada, 


Angeli, C. H., Westinghouse Elec. & Mfg. Co. St. 
Louis, Mo. 

Baker, A. Ww. (Member), Am. Transit Assoc., New 
York, N. V. 

Bell, aes E. (Member), T.V.A., Joe Wheeler Dam, 


Eerolst, W. B., Metropolitan Edison Co., Easton, 


ier ae Jr., Federal Pwr. Comm., Washing- 


ton A 

Brooking, J. Mi. Be ae Am. Tel. & Tel. Co., 
New York, N. Y. 

Counts, R. E. q Federal Pwr. Comm., Wash- 


ington, D. C. 
Cross, G. F., Hudson Bay Mining & Smelting Co., 
Flin Flon, Manitoba, Can. 
Dawson, J. W. (Member), Westinghouse Elec. & 
Mfg. Co., E. Pittsburgh, Pa. 
Edgar, C. K., Dept. of Water & Pwr., 
Angeles, Calif. 

Eslick, E. (Member), Federal Pwr. Comm., Wash- 
ington, D. C. 

Gray, L. A., Simplex Wire & Cable Co., Cambridge, 
Mass. 

Hansen, A., Pacific Tel. & Tel. Co., Seattle, Wash. 

Harrison, P. W. (Member), Am. Tel. & Tel. Co., 


New York, N. Y. 
Heitman, C. 2, Jr. (Member), Edward G. Budd 
Henkel, ae ron (Member), 220 West 7th St., Han- 


City of Los 


Mfg. Co., Philadelphia, Pa 


ford, Calif. 

Hiscox, Ww. L. (Member), Am. Tel. & Tel. Co., New 
York, a Y: 

Howe, C. D., Pacific Tel. & Tel. Co., Seattle, Wash. 


Jones, are ” (Member), Am, Tel. & Tel. Con St. 
ees Sie 
Logan, J. T., Ga. Pwr Co., Atlanta. 


Maddock, a. F. (Member), Federal Pwr. Comm., 
Washington, D; 
Masters, M. H., Ford Motor Co., Somerville, Mass. 


McClure, F. We 9332 N.E. Skidmore St., Port- 
land, te 
Millard, F. P. (Member), Am. Tel. & Tel. Co., New 


York, N.Y. 

Morris, Ms N. VY. Edison Co., Inc., New York, 
N. 

eos 4, 33. (Fellow), Consumers Pwr. Co., 
Jackson, Mich. 

Oklund, A. L., Milwaukee Sch. of Engg., Milwaukee, 


Wis 

Perkinpine, R. W. (Member), Am. Tel. & Tel. Co., 
New York, N. Y. 

Pollard, E. I., Westinghouse Elec. & Mfg. Co., E. 
Pittsburgh, Pa. 

Richardson, A. F., Jr. emp, Am. Tel. & Tel. 
Co., New York, N. 

Richardson, Gs Bs ree Steel & Wire Co., 
Worcester, Mass. 

Rosene, V. E., Bell Tel. Lab., New York, N. Y. 


Smith, G. R. (Member), Am. Tel. & Tel. Co., New 
York, ING NE 

Smith, L. A. Menibcs) Western Union Tel. Co., 
New York, N. 

Sprague, C. H., ae Corresp. Schools, Scranton, 
Pa. 

Stockhus, C. R., Union Elec. Lt. & Pwr. Co., 


St. Louis, Mo. 


Tenney, G. Cc, “Blectrical West,’ San Francisco, 
Calif. 

Thompson, S. H., Federal Pwr. Comm., Washing- 
ton, D. 


Thomson, J. Die Independent Subway System, 
New York, N.Y. 

Vaile, R. B., Jr., Iowa State College, Ames. 

Weston, P. O., St. Louis Rockbestos Products 
Corp., St. Louis, Mo. 
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Addresses 
Wanted 


A list of members whose mail has been returned 
by the postal authorities is given below, with the 
addresses as it now appears on the Institute record. 
Any member knowing of corrections to these ad- 
dresses will kindly communicate them at once to 
the office of the secretary at 33 West 39th St., 
New York, N. Y. 


Bock, F. S., 1642 W. Broad St., Richmond, Va. 
Brune, Otto, 214 White St., Waverly, Mass. 
Chiofalo, J., 203 Graham Ave., Brooklyn, N. Y. 
Cole, Fred H., 1116 Washington Blvd., Oak Park, 
Crite, Mitchel, 32 E. 126th St., New York, N. Y. 
Ghosh, K. C., c/o Compagnia Generale Di Elet- 
tricita, 34 Via Borgognone, Milan, Italy. 
Golikoff, Ae. Main P. O. Gen. Del., Moscow, 
USS.R. 
Greene, F. M., 656—50th St., Brooklyn, N. Y. 
epee oten S., 154 Elmer Ave., Schenectady, 
Neteon, Charles J., 1515 N. Lotus Ave., Chicago, 
Rozelle, P. M., 2018 Chestnut St., Harrisburg, Pa. 
Schellberg, Kenneth O,, 4115—5lst St., S., Seattle, 


ash. 

apiece! At ee F., 7 Stegman Court, Jersey City, 

Vance, Paul E., c/o Marietta Mfg. Co., Point 
Pleasant, W. Va. 

ee Jas. E. L., 773 N. Jefferson St., Milwaukee, 

Glen- 


wood, N. J. 
Williams, Ellis Richard, 97 W. 8th St., Wyoming, 
Pa, 
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Wh ittemore, Geo. W., 151 Ridgewood Ave., 
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New Books 
in the Societies Library 


Among the new books received at the 
Engineering Societies Library, New York, 
recently, are the following which have been 
selected because of their possible interest to 
the electrical engineer. Unless otherwise 
specified, books listed have been presented 
gratis by the publishers. The Institute 
assumes no responsibility for statements 
made in the following outlines, information 
for which is taken from the preface of the 
book in question. 


COMBUSTION ENGINE FUELS and HEAT, 
$1.75; STATIONARY DIESEL ENGINES, 
$1.75; DIESEL ENGINE DETAILS and MAN- 


AGEMENT, $2.00. By J. Vanderdoes, L. H. 
Morrison and C. T. Baker. Scranton, Pa., Inter- 
national Textbook Cs., 1935. Illus., diagrs., 


charts, tables, &x5 in., lea. The first discusses the 
nature of heat, its effects, thermodynamics, heat 
and work, combustion, liquid and gaseous fuels, 
and the principles of the internal- combustion en- 
gine. The second describes the various types and 
their construction. The third describes the parts 
of these engines and their auxiliaries, and explains 
the operation, maintenance, and repair. 


FACTORY ORGANIZATION and ADMINIS- 
TRATION. By H. Diemer. 5 ed. New York 
sty London, McGraw-Hill Book Co., 1935. 412 

p., illus., diagrs., charts, tables, 9x6 in., cloth, $4. 
A standard text revised to include the advances 
made during the past decade. Covers everything 
from factory location and building to department 
organization. 


NATIONAL PHYSICAL LABORATORY, RE- 
PORT for the YEAR 1934. London, Dept. of 
Sci. and Ind. Res. His Majesty’s Stationery 
Office, 1935. 260 p., illus., diagrs., charts, tables, 
11x8 in., paper, 13s. A concise report on the work 
done in the fields of physics, electricity, radio, 
metrology, engineering, metallurgy, aerodynamics, 
and hydrodynamics. A list of papers published by 
the laboratory is included. 


RISE of MODERN PHYSICS. By H. Crew. 
2 ed. Baltimore, Williams & Wilkins Co., 1935. 
434 p., illus., diagrs., tables, 8x5 in., cloth, $4. 
Makes no requirements of ‘technical’ knowledge 
upon the reader. Intended for undergraduates, 


but will be equally useful to all those interested in 
the history of science. Three new chapters, deal- 
ing with the inertia of electricity, the rise of modern 
Soe peaed and restricted relativity have been 
added. 


SMITH’S COLLEGE CHEMISTRY. By J. 
Kendall. 3rd rev. ed. New York and London, 
D. Appleton-Century Co., 1935. 753 p., illus., 
diagrs., charts, tables, 9x6 in., cloth, $3.75. The 
new edition of this textbook of general chemistry 
exhibits few important changes from the preceding 
one, the chief being in the treatment of ionization 
and the discussion of recent advances in our knowl- 
edge of the atom. 


STEAM TURBINES. By. E. F. Church. 2 
ed. New York and London, McGraw-Hill Book 


Co.;, 1935. 327. p:) illus., diagrs., charts, tables, 
9x6 in., cloth, $3. For students in engineering 
colleges. The form and characteristics of turbines 


are presented, and thermodynamic principles are 
applied to the calculation of the flow of steam, and 
to the various factors that effect efficiency. 


STRUCTURE of CRYSTALS, Supplement for 
1930-34 to 2nd Ed. By R. W.G. Wyckoff. (Amer. 
Chein. Soc. Monograph Series No. 19-A). New 
York, Reinhold Publ. Corp., 1935. 240 p., diagrs. 
charts, tables, 9x6 in., cloth, $6. Brings up to 
date the second edition by reviewing the X ray 
determinations of structure which have been pub- 
lished during the last 4 years. The bibliography 
contains over 2,000 references. 


IMPREGNATED PAPER INSULATION, the 


Inherent Electrical Properties. By J. B. White- 
head. N. Y., John Wiley < Sons, 1935. 221 p., 
illus., 9x6 in., cloth, $4.0 A comprehensive 


survey of researches at as Johns Hopkins Uni- 
versity, the fourth of the series of monographs is- 
sued by the committee on electrical insulation of 
the National Research Council. While much of 
the content has appeared previously in periodicals, 
it is here united into a connected account. 


INTRODUCTION to PHYSICAL SCIENCE. 
By C. W. Miller, 2 ed. N. Y., John Wiley & Sons, 
1935. 409 p., illus., 9x6 in., cloth, $3.00. An 
introductory text using only common mathematics, 
and including late discoveries in nuclear physics. 


PRINCIPLES of ELECTRIC POWER 
TRANSMISSION by Alternating Currents. By 
H. Waddicor. 3 ed. N. Y., John Wiley & Sons, 
1935. 449 p., illus., 9x6 in., lea., $6.00. A text 
for students and also a handbook for designers and 
operators, supplying a systematic exposition of the 
principles that underlie the electrical design of 
transmission lines. 


SIX-PLACE TABLES, with Explanatory Notes. 
By E.S. Allen. 5ed. N.Y. and Lond., McGraw- 
Hill Book Co., 1935. 175 p. 7x4 in., lea., $1.50. 
A collection of tables, cubes, square and cube roots, 
circumferences and areas of circles, fifth roots and 
powers, common logarithms of numbers and trig- 
onometric functions, natural trigonometric func- 
tions and logarithms, radians and degrees, and ex- 
ponential, hyperbolic and gamma functions. 


SPEKTROSKOPIE (Sammlung Géschen 1091). 
By K. W. Meissner. Berlin and Leipzig, Walter 
de Gruyter & Co., 1935. 180 p., illus., 6x4 in., 
cloth, 1.62 rm. A concise yet comprehensive in- 
troduction to spectroscopy. 


THIS MODERN WORLD and the ENGI- 
NEER. Edinburgh, Royal Scottish Society of 
Arts, 1934. 140 p., illus., 9x6 in., cloth, 5s. 
Lectures discussing the achievements and prob- 
lems of modern engineering in the fields of physics, 
civil, mechanical, electrical, and chemical engi- 
neering, and in mining. 


Engineering Societies Library 
29 West 39th Street, New York, N. Y. 


AINTAINED as a public reference library 

of engineering and the allied sciences, this 
library is a cooperative activity of the national 
societies of civil, electrical, mechanical, and min- 
ing engineers. 


Resources of the library are available also 
to those unable to visit it in person. Lists of 
references, copies or translation of articles, 
and similar assistance may be obtained upon 
written application, subject only to charges suffi- 
cient to cover the cost of the work required. 


A collection of modern technical books is 
available to any member residing in North Amer- 
ica at a rental rete of five cents per day per 
volume, plus transportation charges. 


Many other services are obtainable and an 
inquiry to the director of the library will bring 
information concerning them. 
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le dlastriat Notes 


New Name for Fanstee).—The Fansteel 
Products Co., North Chicago, Ill, has 
changed its name to the Fansteel Metai- 
lurgical Corporation. The new corporate 
name more clearly defines the nature of the 
business, that of refining rare metals such 
as tantalum, tungsten, molybdenum, elec- 
trical contacts, etc., and fabricating them 
to a wide variety of industrial uses. 


Westinghouse Promotes T. I. Phillips.— 
Appointment of T. I. Phillips, as general 
works manager of the Westinghouse Electric 
& Mfg. Co., has been announced. In his 
new position Mr. Phillips will serve as 
central authority for all manufacturing 
operations of the company. He succeeds 
C. H. Champlain, who has been forced by 
prolonged illness to relinquish his activities 
with the company. Mr. Phillips has been 
with Westinghouse since 1915. 


Steel and Tubes Transfers Personnel.— 
Due to increased business activity in the ter- 
ritory served from Philadelphia, Steel and 
Tubes, Inc., Cleveland, has recently created 
a new sales district, headed by C. J. Boyd, 
formerly of the Brooklyn, N. Y., sales organi- 
zation. J. F. Keeler, formerly of the sales 
promotion department in Cleveland, has 
been transferred to the Brooklyn office, and 
J.S. Anderson, formerly of Detroit, has been 
transferred to the new Philadelphia office. 
J. D. Benfield and Robert Turrell, formerly 
with the electrical division of Steel and 
Tubes, have formed their own organization, 
with headquarters at Detroit, and are 
representing Electrunite Steeltubes and 
Fretz-Moon conduit products in the Michi- 
gan territory. 


New Heating Element.—A new electrical 
resistance alloy, “Kanthal,” with operating 
temperature of better than 2460° is being 
produced by the C. O. Jelliff Mfg. Corp., 
Southport, Conn. According to the manu- 
facturer it not only operates at higher tem- 
peratures than other base metal or alloy 
without protective gases but also possesses 
remarkable oxidation resisting qualities. 
Three grades are available: maximum 
2462° for electric furnaces; 2872° for 
domestic appliances; 1150° for most pur- 
poses where nickel chrome is now used. 
It also has the advantage of lower cost 
and _ longer life. 


New Angle Clamp.—The Ohio Brass Co., 
Mansfield, O., has developed a new angle 
clamp designed to simplify angle construc- 
tion in farm line design. According to the 
manufacturer, any angle from 30 to 120° 
can be turned with this clamp without the 
necessity of dead-ending the conductors 
and using jumpers. The new clamp, No. 
80431, is 43/1, inches long and the radius 
of its seat curvature is 3 inches, enough to 
take conductors up to 2/0 A.C.S.R. The 
special ‘“‘U’’-bolt practise as incorporated in 
the design, permits the clamp to be at- 
tached directly to a 6-inch suspension unit, 
without the use of intermediate fittings, and 
it will fit 41 different sizes and types of 
conductors. 
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Underground Cable Mole.—The Burndy 
Mole or insulated multiple connector has 
been designed to provide a simple method of 
making joints in underground secondary 
distribution systems. The manufacturer, 
Burndy Engineering Co., Inc., 305 E. 45th 
St., New York, claims that it is especially 
advantageous for connections between rub- 
ber-leaded and rubber-covered cables to 
paper-insulated, oil-impregnated cables; 
also, with the Mole, an effective stop joint 
on oil-impregnated cables can readily be 
made, eliminating entirely the need for a 
stub joint. Cables are clamped by simple 
solderless devices which in turn are at- 
tached to a copper, rubber-insulated body. 
Each connector can accommodate a range of 
cable sizes, and combinations for various 
arrangements of mains and feeders can be 
easily made. 


dvads Miseraiare 


Voltage Regulator.—Bulletin 2204, 8 pp. 
Describes new type BFR, low cost, auto- 
matic branch feeder voltage regulator, avail- 
able in all standard commercial voltages 
from 2400 to 13,200, single and three phase. 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 


Pole Anchoring.—Bulletin, 24 pp., “‘Cor- 
rect Anchoring.” A comprehensive, il- 
lustrated study of pole anchoring and 
guying by means of various types of 
patented anchors. Tables on anchor hold- 
ing powers in different soils are included, as 
well as a chapter on figuring strains on 
guys. Chance Company, Centralia, Mo. 


Synthetic Rubber.—Bulletin, 12 pp., 
“Koroseal.”” Describes a new synthetic 
rubber-like material, known as Koroseal. 
The properties of the product, the forms in 
which it is available and the uses to which 
it has been successfully adapted, are listed. 
B. F. Goodrich Co., Mechanical Rubber 
Goods Div., Akron, O. 


Output Switching PaneJl.—Bulletin, 8 
pp. Describes a new output switching 
panel, 271A, for speech input equipment. 
It provides facilities for dispatching pro- 
grams from as many as 6 amplifier channels 
over 4 output circuits to line amplifiers. 
Western Electric Co., 195 Broadway, New 
York. 


Fire Extinguishing System.—Bulletin, 
12 pp., ““Smothering Fire in Power Plants.” 
Describes the Lux carbon dioxide system of 
protecting electrical equipment from fires. 
The gas is stored in cylinders and in case 
of fire is released, either by manual or auto- 
matic control. The principal advantage in 
the use of this system is its freedom from 
damaging after-effects. Walter Kidde & 
Co., Inc., 140 Cedar St., New York. 


Thermostatic Metals.—Bulletin, 32 pp. 
A comprehensive review of specifications, 
properties and methods of application of 
modern thermostatic bi-metals. Ten full- 
page charts show deflection and force 
characteristics, along with design formulae, 
providing up-to-date engineering data for 
bi-metal applications in the field of tempera- 
ture indication and thermal control. H. A. 
Wilson Co., 105 Chestnut St., Newark, N. J. 


Phenolic Insulation.—Catalog, 48 pp.. 
Describes ‘‘Dilecto,’’ a laminated plastic, 
developed to meet the demands for a water- 
proof insulating material with great me- 
chanical strength and adaptability to all 
machining operations. The material is sup- 
plied in sheet, tube and rod form, or is 
fabricated to specifications. Process of 
manufacture is outlined and illustrated, 
applications set forth and a table compares 
the properties of hard rubber, vulcanized 
fibre, etc. and Dilecto. Continental-Dia- 
mond Fibre Co., Newark, Del. 


Transformer Protector.—Bulletin, 8 pp., 
“How Do You Forestall Faults?” De- 
scribes the Kidde transformer protector, a 
mechanical device for the protection of 
conservator type transformers. It warns 
of the occurrence of minor faults and in the 
case of major faults it disconnects the trans- 
former from the line. The principle upon 
which the protector operates is based upon 
the fact that gases are given off when any 
fault occurs in a transformer. These gases 
actuate the protector. Walter Kidde & Co., 
Inc., 140 Cedar St., New York. 


Time Switches.—Bulletin GEA-1427D, 
8 pp. Describes general-purpose automatic 
time switches. Type T-17 will control al- 
most any electric circuit on a schedule 
related to the time of day. It will perform 
any practical number of operations per day 
and skip a day or more if desired. Standard 
switches are designed for a-c circuits, 115 
and 230 volts, 40 amperes per contact. 
This switch can be furnished with either a 
plain dial (for fixed-time settings) or as- 
tronomic dial (for sun schedules) and certain 
combinations of both. Type T-27 switch is 
similar to the T-17 except that it is only for 
indoor service and is not equipped with an 
omitting device for day cutouts. In both 
types, drive is direct from Telechron motor, 
through a compact  spur-gear train. 
General Electric Co., Schenectady, N. Y. 


Motor Maintenance Equipment.—Cata- 
log, 64 pp. Lists a wide variety of motor 
maintenance devices, including commutator 
and slip-ring resurfacers, grinders, truing 
tools, undercutters, slotters, blowers, spray- 
ers, etc. Detailed information on care and 
servicing of commutators and slip-rings is 
presented; chapters cover definitions of 
electrical terms; tables on current carrying 
capacities of wires; fusing, wiring and full 
load current data for all types of motors; 
formula for determining amperes, horse- 
power, kilowatts and kva; for calculating 
electric current, etc. Among new products 
listed are improved precision grinders, a 
complete line of electric cleaners, a new 
industrial thermometer, an improved coil 
winding head and new sizes of thread-on, 
solderless wire connectors and lugs. Ideal 
Commutator Dresser Co., Sycamore, III. 
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